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Abstract  
Reactive processing of PA6 (in-situ anionic polymerization of caprolactam-APCL) enables 
the production of high performance composite with high mechanical property, good 
weldability, and recyclability for structural, aerospace and automotive applications. 
Compare to melt processing, reactive processing enables shorter cycle time, lower 
processing temperature and pressure. This makes reactive processing a promising new 
manufacturing technique capable of addressing mass markets.  
 
Unfortunately, the insufficient study on influences of processing conditions and reaction 
kinetics have limited the commercial implementation of the reactive system. This work aims 
to investigate the processing parameter effect on polymer properties and validate the reaction 
kinetic models of small scale isothermal polymerization. Experiments were carried out using 
Differential Scanning Calorimetry (DSC) for the in-situ monitoring of polymerization and 
crystallization under different processing conditions. Results show that the increase in 
initiator, activator concentration and polymerization temperature lead to the increase in 
reaction rate and drop in crystallinity. Whilst this behaviour was expected, the research also 
shows that the polymer conversion exhibits a far more complex behaviour. For low 
temperatures, it appears that the monomer conversion is inhibited by early crystallisation 
whereas for high temperatures the reaction equilibrium shifts towards the monomer state.  
 
The derived polymerisation and crystallisation heat flows were used for validation of kinetic 
models including Kamal-Sourour and Malkin model for polymerisation, Kim model for 
crystallisation. All experiment data support the validity of Kamal-Sourour model in 
describing the kinetic development of polymerisation reaction using C1-C20P catalyst 
system. With the parameters identified from this work, Kamal-Sourour model accurately 
predict the polymerisation rate under different processing conditions. On the contrast, 
Malkin polymerisation model failed to give meaningful modelling of the same process. 
Though Kim crystallisation model gave excellent simulation of the crystallisation process 
during APCL, the physical meaning of parameter 𝑛𝑐 is yet to be determined. 
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Abbreviations and Acronyms  
 
Term   Definition 
 
APCL   Anionic polymerisation of caprolactam 
DSC   Differential Scanning Calorimetry 
PA6   Polyamide-6 
TGA   Thermogravimetric analysis 
DOC   degree of conversion 
MW   Molecular weight 
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1 Introduction 
1.1 Motivation 
Fibre reinforced thermoplastic materials (TPCs) are offering high toughness, better weldability 
and recyclability when compared to traditional thermoset ones [1]. Traditionally, fibre 
reinforced thermoplastic materials can be manufactured through melt processing e.g. resin 
transfer moulding, vacuum infusion, etc. (Fig 1-1). As the name suggest, melt processing is 
based on the melting of TPCs to manufacture parts above its melting point. The viscosity of 
matrix at this temperature is relatively high (1000Pa·s), so high pressure is required to conform 
TPCs to be mould during melt processing. This high viscosity of matric have limited the size 
and thickness of the part that can be manufactured. In addition, it also makes impregnation of 
fibres difficult to and this is one of the main reasons why continues fibre reinforced 
thermoplastic composites are not yet widely used in industry.  
 
 
 
Figure 1-1 Schematic of Resin Transfer Moulding 
 
Reactive processing is an alternative solution to overcome the limitations of melt processing 
through the processing of low viscosity thermoplastic monomers (i.e. in-situ polymerisation of 
monomers). Potentially, reactive processing can be applied to a wide variety of composite 
manufacturing processes, but the most promising methods are resin transfer moulding and 
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vacuum infusion. Compare to melting processing, reactive processing enables lower processing 
temperature and pressure (Fig 1-2), which it is offering significant advantages includes: 
 
• Ability to produce larger, thicker, and more integrated parts than melt processing; 
• Ability to obtain thermoplastic composite with chemical fibre-to-matrix bond; 
Based on these advantages, reactive processing lend itself to the manufacture of reasonably 
large or very complex shaped structures, for example, windmill sails, structural parts of 
automotive. However, there are a critical requirements for the reactive processing of 
thermoplastic materials: high monomer conversion need to be achieved because unreached 
monomers will remain in the final product as residual monomers remain in composite will act 
as plasticiser to decrease the polymer mechanical property. 
 
Figure 1-2 Temperature and pressure required for different processing method of thermoplastic 
materials 
Anionic ring open polymerisation is a reaction mechanism that can overcome these restrictions 
and is starting to be used in reactive processing of caprolactam for the production of polyamide-
6 (PA6). During anionic polymerisation of caprolactam (APCL), polymerisation and 
crystallisation occur simultaneously or subsequently in situ below the melting point of PA6 (Fig 
1-3), this enables shorter production cycle time, where parts can be demoulded without cooling.  
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Because this processing method and materials are still relatively new, there are still a few 
important processing parameters that can influence the properties of PA6 have not yet been 
fully explored. These processing parameters including: initiator/activator type, 
initiator/activator concentration and processing temperature. In order to effectively use this 
system for commercial application, it would be beneficial to conduct processing parameter 
effect study to enable informed manufacturing decisions. In addition, to understand the reaction 
during reactive processing intuitively, the development of kinetic models would also be useful. 
Because the polymerisation and crystallisation kinetic models indicate the proprieties of final 
product as a function of processing parameters. The models would allow engineers to properly 
select processing parameters to process PA6 with desired properties for different applications. 
 
  
Figure 1-3 Reactive processing system for APCL 
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1.2 Research objectives 
This project aims to monitor the polymerisation and crystallisation process during APCL, 
investigate the influence of important processing parameters (initiator and activator 
concentration, and polymerisation temperature) on the final properties of PA6 in terms of 
monomer conversion, crystallinity, polymerisation rate. Another objective is to bring up the 
validated reaction kinetic models that can describe the polymerisation and crystallisation 
kinetics during APCL. 
In order to achieve the objectives, the followings are required 
• Experimental: Investigate the influence of initiator/ activator concentration, and 
polymerisation temperature on reaction rate and properties of synthesised PA6 
(crystallinity, monomer conversion, melting point). 
• Reaction product characterisation: Evaluate polymerisation rate, PA6 crystallinity 
through DSC trace analysis, and characterise monomer conversion through TGA. 
• Reaction kinetic model validation: Separate polymerisation and crystallisation trace 
from DSC heat flow, and validate the reaction kinetics models (Kamal-Sourour Model 
and Malkin model for polymerisation, Kim Model for crystallisation) with separated 
data.  
 
1.3 Hypothesis and expected outcome 
Two expected outcomes of this project are: 
• The DSC trace and properties of PA6 synthesised under different processing condition 
conditions should be similar as what has been reported in literatures[2-4], i.e. 
o Monomer conversion increase with lower initiator concentrator concentration, 
and increasing polymerisation temperature. 
o Reaction rate increase with higher reactant concentration and increasing reaction 
temperature; 
o Crystallinity of PA6 increase with lower reaction temperature and higher 
reactant concentration.   
• The current reaction kinetics models will be studied, it is expected that the experiment 
result can validate the models with high goodness of fitting between kinetic models and 
experiment data. In addition, the fitting parameters for C1/C20P system will be different 
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but in the same order of magnitude from the parameters for other catalyst systems 
reported in literatures [5-8]. 
 
1.4 Project scope: 
• Develop a method and undertake repeatable isothermal DSC analysis; 
• Process monitoring of anionic polymerisation of caprolactam (APCL) under different 
processing conditions; 
• Characterizing the properties of synthesised polymer; 
• Evaluate and validate existing reaction kinetic model with the experiment data. 
The details of project scope are summarized in Table 1-1: 
Table 1-1 Project scope 
Type In scope Out of scope 
Sample preparation 
Develop a method to produce uniform 
catalyst mixture and undertake repeatable 
DSC analysis; 
 
 
Materials 
-Commercial initiator, activator, and 
caprolactam 
Non-commercial 
materials 
APCL process 
monitoring 
Record heat flow of reaction through DSC 
Other monitoring 
techniques (FT-IR, 
dielectric analysis) 
Processing parameter 
effect study 
Investigate the influence of 
-polymerisation temperature; 
-initiator/activator concentration 
on APCL 
Moisture content 
effect, material type 
effect 
Properties 
characterisation 
-Polymerisation rate 
-Degree of conversion 
-Crystallinity 
-Melting point 
- Mechanical 
properties 
- Chemical 
properties 
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Reaction kinetic model 
validation 
-Kamal-Sourour Model and Malkin model 
for polymerisation 
- Kim Model for crystallisation 
- Developing new 
reaction kinetic 
model 
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2 Literature review 
2.1 Reactive processing of polyamide-6 
Among all reactive processing methods of synthesised polymers, anionic polymerisation offers 
significant advantages in terms of ability to produce polymers with well-defined structures, 
uniform chain length, and high molecular weight (MW) as well as even MW distribution [9]. 
 
This section will discuss reactions and processes during anionic ring open polymerisation of 
caprolactam, in terms of polymerisation, crystallisation, viscosity change. 
 
2.1.1 Anionic ring-open polymerisation of caprolactam 
PA6 is made from the opening of its monomer 𝜀-carpolactam in the presence of initiator and 
activator as shown in Fig 2-1. 
 
 
  
 
 
 
 
 
APCL occurs on wide range of temperature between 130-180℃ in short time (50s to 60 min), 
four steps are involved in anionic ring-open polymerisation reaction, as shown in Fig 2-2 [10, 
11]: 
Step 1: Initiation 
The dissociation of initiators produces a lactam anion, polymerisation is initiated 
Step 2: Anion& H exchange 
The nitrogen atom of activator is attacked by lactam anion and created a caprolactam 
ring of activator through anion exchange. 
Step 3:  Propagation 
Figure 2-1 Chemicals required for APCL: a) monomer: ε-carpolactam; b) activator: HDCL; 
c) initiator: MgBrCL. 
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A monomer is attacked by the anion, and the anion reach equilibrium through 
exchanging its hydrogen atom with the nitrogen anion of the monomer.  
Step 4: Termination 
The reaction continues until monomers are mostly used up, which lead to the 
termination of the reaction. 
Side reactions also occur during APCL, as shown in Fig 2-3, the branching reactions occur with 
following steps: first, the activator is de-blocked and separate itself to create a monomer and an 
isocyanate end group molecule [12]. Later, branched polymer is created when isocyanate end 
group is connected to a polymer chain on an imide functional group[13]. Other side reactions 
include oligomer formation and termination also might occur during reaction, and it is reported 
that the occurrence of side reactions is associated with the high activator content and high 
reaction temperature[11]. 
 
Figure 2-2 Mechanism of anionic polymerisation of caprolactam using chemicals in Fig 2.1 [11] 
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Figure 2-3 Branching mechanism of APCL [11] 
2.1.2 Crystallisation  
In typical melt processing of PA6, the melted polymer is shaped into desired geometry and then 
cooled down to solid state. When the temperature is sufficiently below the melting temperature, 
polyamide will start to crystallise. During crystallisation, hydrogen bounds form between amide 
group and another amide group in adjacent molecules or in the same polymer chain, then the 
polymer chains start to form crystal structure. Crystallisation start with the formation of 
nucleation point, grow by reeling in polymer chains, which are then stacked around the 
nuclei[14]. Fig 2-4 shows the crystal formation in melt processing. 
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Figure 2-4 Polyamides: crystal morphology [15] 
 
During APCL, crystallisation occurs simultaneously with polymerisation, or very soon after 
polymerisation (depending on the processing temperature), this is because of the moulding 
temperature is within the range of crystallisation temperature (Tcrys = 90 − 185℃)[16].  
 
Unlike melt processing which is sufficient to obtain high degree of crystallinity before injecting, 
in order to obtain polymer with desired property, reactive processing has an additional 
requirement for high percentage of monomer conversion. During crystallisation in APCL, 
monomers can be stacked in crystalline structure, which will eventually reduce the monomer 
conversion and decrease strength and moulds of synthesised polymer. It is therefore important 
to balance the polymerisation and crystallisation in APCL to obtain ideal polymer property[17]. 
 
2.1.3 Viscosity change 
During APCL, the initial viscosity of catalyst mixture is in the range of 0.01-0.1 Pa s. As the 
start of polymerisation reaction, the viscosity increase to around 106 Pa s[5]. The viscosity 
change in Fig 2-5 indicates the solidification of catalyst mixture by polymerisation and 
crystallisation within a few minutes. The viscosity change during APCL is related to 
polymerisation temperature, the increase polymerisation temperature result in the shorter onset 
time. 
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Figure 2-5 Viscosity change in APCL at different processing temperature [5] 
 
2.2 Important processing parameters during APCL and their influences 
2.2.1 Initiator 
The most commonly used initiators are CLNa and CLMgBr, with chemical structures shown in 
Fig 2-6. 
 
Figure 2-6 Chemical structure of CLMgBr and CLNa 
While both initiators offer caprolactamates in reaction with CL, CLMgBr offers advantages in 
terms of ease of handling, lower acidity and less moisture sensitivity when compared with 
CLNa[18]. In addition, the use of CLMgBr can significantly supress the generation of cyclic 
oligomers[19]. 
 
The effects of increasing catalyst concentration are listed as follow. 
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• Increasing in polymerisation rate, this is because more anions are produced during 
polymerisation; 
• Decrease in monomer conversion, this is because more CL anions are required to 
compensate the catalyst molecule when catalyst concentration is increased. The other 
reason is the temperature build up becomes more significant when more initiator is 
added to reaction, the ring-chain equilibrium will shift to monomer side, which will 
lead to the decrease in final monomer conversion[3]. 
 
2.2.2 Activators 
Activators work as growing centres to increase polymerisation rate during APCL. Activators 
used in APCL are classified into two types: Mono-functional activators and Multi-functional 
activators. The difference of these is the number of imide functional group on each activator 
molecule. In ideal APCL, the number of chains are depended on the number of activation sites 
(the imide functional group). For example, the mono-functional activator can only start the 
growth of one chain, while multi-functional activator can work as the starting point of two 
chains. 
 
• Mono-functional activator: 
N-acetylcaprolactam(ACL) (Fig 2-7): it has proved to be the most efficient activator 
among previous studies, Udipi and his co-workers[20] and Khodabakhshi [21] used 
ACL as the first choice of mono-functional activator in their research. 
 
Figure 2-7 Chemical structure of ACL 
• Multi-functional activator: 
N,N'-hexane-1,6-diylbis(hexahydro-2-oxo-1H-azepine-1-carboxamide (Fig 2-8): it is 
increasingly being used as multi-functional activator in literatures. As a commercially 
available material named C20P, Khodabakhshi used it as a commercial activator to 
study the feasibility of APCL used in jetting process[22]. 
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Figure 2-8 Chemical structure of N,N'-hexane-1,6-diylbis(hexahydro-2-oxo-1H-azepine-1-carboxamide 
The effects of increasing activator concentration are listed as follow: 
• Increase in polymerisation rate[20], which is because of the addition of more initiation 
points to allow for more caprolactam monomers to participate in APCL simultaneously.  
• Decrease in final MW (MW)[20], which is because of the simultaneous chain growth 
from more initiating points.  
 
2.2.3 Catalyst/ activator combinations and ratios 
The most widely used initiator/ activator combination is CLNa/ ACL, while CLMgBr and C20P 
can be used to replace the initiator and activator respectively. Khodabakhshi investigated the 
influence of different initiator/activator combination on APCL and concluded that [22]: 
• CLMgBr-ACL system has fast polymerisation rate in air; 
• CLNa/C20P system has fast polymerisation rate and better final properties than 
CLMgBr-ACL system under nitrogen environment; 
• The CLNa/ACL system had relatively poor performance in polymerisation rate and is 
very sensitive to environment.  
 
Figure 2-9 APCL: reaction rate VS different initiator/ activator combination 
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Van Rijswijk studied the polymerisation of the four types of initiator/activator combination (Fig 
2-9), the result indicate that the initiator/ activator types have strong influence on 
polymerisation rate. Polymerisation rate is not only affected by the rate of dissociation, it also 
depends on the complex formation between activator and initiator cation. The complex 
formation is depended on the geometry and electron forces of activator and initiator cation. To 
be specific, the strong complex accelerate the anion generation, and thus increase the reaction 
rate [4]. 
 
2.2.4 Polymerisation temperature 
Initial polymerisation temperature is an important processing parameter that can affect the 
polymerisation and crystallisation process during APCL. It has strong influence on both 
microscopic and macroscopic proprieties of final product, for example, monomer conversion, 
molar weight, crystallinity, density, etc. It was studied by Rijswijk comprehensively, and the 
results are listed as follow[3]: 
• Reaction rate: 
As processing temperature increases, polymerisation rate increases as a consequence of 
the higher thermal motion of molecules, whilst the crystallisation rate will be decreased. 
• Molar mass 
The increasing polymerisation temperature result in higher viscosity average molar 
mass (𝑀𝑣), on the contrast, it will result in broader molar weight distribution (MWD) 
due to more branching reaction. 
• Monomer conversion 
The monomer conversion decreases with higher processing temperature. Due to the 
exothermic nature of APCL, the ring-chain equilibrium of APCL will be shifted to 
monomer side as temperature increases, which reduces the monomer conversion. 
• Crystallinity 
The increasing polymerisation temperature decreases the degree of crystallinity, this can 
be explained by two reasons. Firstly, the higher thermal notion of polymer chains during 
higher polymerisation temperature increase the difficulty for crystallisation. Secondly, 
the branching reactions increases with higher polymerisation temperature and form 
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irregular polymer chains, the formation of crystals can thus be disturbed by the 
branching points. 
 
2.2.5 Polymerisation environment  
It is reported that APCL is very sensitive moisture, oxygen, and carbon dioxide, this is because 
the reaction between these components and free anions deactivate the catalyst system during 
APCL[2]. 
 
The increasing water content can decrease the concentration of catalyst mixture, and hydrolyse 
the N-acyllactam growing centres. In APCL that is initiated by CLNa, the rate constant decrease 
with increasing exposure to moisture, and it can result in the increase apparent energy and 
decrease in monomer conversion. These changes will eventually decrease the polymerisation 
rate of APCL[22]. 
 
2.3 Properties of PA6 synthesised by APCL 
Among all parameters that influence the final proprieties of PA6, the most important parameters 
are the MW, percentages of crystallinity, and degree of monomer conversion. These proprieties 
of polymers are the biggest concern in manufacturing process, manufactures need to change 
processing conditions to meet the specific requirements and application, which could be 
achieved by proper control of polymerisation conditions. 
 
2.3.1 Molecular weight 
MW influences material’s mechanical damping and capacity of materials to absorb energy. The 
influence of MW on glass transition temperature can only be observed in low MW polymers, 
this dependence vanishes in high MW polymers [23]. 
 
Together with MW distribution, MW influence material’s practical properties such as melting 
point, toughness, and cracking resistance. It is therefore important to achieve a uniform polymer 
structure. Broad MW distribution can be prevented by using small amount of initiator/ activator, 
longer residence time, and appropriate stirring of the mixture[24]. 
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2.3.2 Crystallinity 
Crystallinity (𝑋𝑐) refers to the polymer crystal content after polymerisation and crystallisation. 
Crystallinity influences the mechanical properties including modulus, tensile strength, 
toughness, and fraction mode. For PA6, higher crystallinity increase its modulus and tensile 
strength, but will decrease its toughness[25].  
 
𝑋𝑐 in APCL is influenced by the polymerisation temperature, activator nature and 
concentration. At same polymerisation temperature, 𝑋𝑐 proceed to different trend with the 
change of activator concentration under different functionality. that is to say, 𝑋𝑐 increase with 
increasing monofunctional activator concentration, while using a di-functional activator, this 
behaviour will be reversed[26]. It is therefore of important to adjust the processing parameters 
to meet the requirement of specific application. 
 
2.3.3 Monomer conversion 
Monomer conversion, also called degree of conversion (DOC), refers to the amount of 
unconverted monomer presented in the polymer after polymerisation. The desired DOC after 
APCL should be more than 95%. The unconverted monomer in polymer are seen as plasticiser 
and changes the properties of PA6. The decrease in DOC can result in following changes in 
general properties: 
• Decrease in melting point, this is because the melting point of monomer (68℃) is lower 
than that of PA6 (230℃); 
• Decrease in mechanical properties, this is because the modulus and yield strength of 
monomer are lower than its PA6. 
• Increase in toxicity of polymers, caprolactam is classified as toxic material and cannot be 
removed after APCL, it is therefore important to maximise the monomer conversion to 
reduce toxicity of PA6.  
 
As a result, the DOC should always be maximized during the processing of PA6, and this is 
achieved by adjusting processing parameters as discussed in chapter 2.2. 
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2.4 Kinetic models of APCL 
The kinetic studies are necessary to understand the polymerisation, crystallisation, and phase 
changes during APCL. In APCL, polymerisation kinetics control the monomer conversion and 
temperature change in time, crystallisation kinetics describe the crystallinity as a function of 
temperature and time. It is important to find the kinetic models that can describe the reaction 
kinetics accurately to effectively use this system. The following of this section will study the 
current widely accepted kinetic models including polymerisation, crystallisation, and viscosity 
model during APCL.  
 
2.4.1 Polymerisation kinetics 
Two approaches have been developed to study the kinetics of polymerisation reaction during 
APCL, the mechanism model and the overall model. The mechanism model is based on the 
chemical reactions during APCL, which including initiation, propagation, branching, and cross-
linking reactions. Developing a reaction mechanism model of APCL requires the understanding 
of each reaction occurs in APCL and the contribution of each reaction on the rate of the overall 
reaction. However, the detailed mechanism of APCL is not clear, so mechanism model is not 
successful to predict the APCL. 
 
The overall models, which is also known as empirical models, assumes an overall order of 
reaction and fit the model to reaction kinetic data. This model describes all possible reaction 
during APCL with one equation, provide the minimized deviation between experiment and 
calculated data when the reaction mechanism is unclear or difficult to characterise. 
 
The following sections will introduce different types of overall kinetic models of 
polymerisation reaction during APCL. 
 
2.4.1.1 MALKIN’ Model 
Malkin model (Eq.1), proposed by Malkin et al. and Camargo et al. has been the most 
commonly used auto-catalytic polymerisation equation for PA-6 [27, 28].  
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𝑑𝜆
𝑑𝑡
= 𝐴0(1 − 𝜆)
𝑛(1 + 𝐵0𝜆)𝑒𝑥𝑝 (−𝐸𝑎/𝑅𝑇)                             (Eq.1) 
 
The explanation of these terms can be found in Table 2-1. This model has four adjustable 
parameters, which are 𝐴0, 𝐵0, 𝐸𝑎, and n.  
 
Another form of Malkin model is given by Malkin et al as in Eq.2 and 3: 
 
𝑑𝜆
𝑑𝑡
= 𝑘 𝑒𝑥𝑝 (
𝐸𝑎
𝑅𝑇
)
[𝐴]2
[𝑀0]
(1 − 𝜆) ∗ [1 +
𝑏
[A]
𝜆]                              (Eq.2) 
 
With: 
 
𝐴0 = 𝑘[𝐴]
2/[𝑀]0;  𝐵0 = 𝑏/[𝐴]                                        (Eq.3) 
 
Equation 2 and 3 only valid for [𝐴] = [𝐼]/𝑓.  
 
Table 2-1 Explanation of terms in equation 1, 2, and 3 
𝜆 Fractional conversion 
T(K) Temperature  
k(L/(mol*s)) Pre-exponential factor 
𝐸𝑎 (J/mol) Activation energy  
R(J/mol*K) Universal gas constant  
[A] ( 𝑚𝑜𝑙−1) Activator concentration  
[I] ( 𝑚𝑜𝑙−1) Initiator concentration 
[𝑀]0(𝑚𝑜𝑙
−1) Initial monomer concentration 
f Functionality of  
b(1/mol) Autocatalytic term (intensity of the self-acceleration 
effect polymer chain growth) 
n Order of reaction 
𝐴0 pseudo-constant 
𝐵0 pseudo-constant 
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k Efficiency of different activators at the initial stage of 
APCL 
 
In equation 2, value of n, b, k, and 𝐸𝑎 are fitting parameters which dependent on catalyst system. 
Russo et al. concluded that Malkin model gave an excellent simulation of the polymerisation 
kinetics under quasi-adiabatic conditions. However, the limitation of this models is that the 
value of fitting parameters is strongly dependent on activator concentration (Table 2-2), which 
disagreed with Malkin’s result, where all parameters are assumed to be constant for the same 
catalyst system, independent from activator concentration. In addition, the fitting parameters 
obtained from two different fast activator systems were substantially identical, this observation 
also disagreed with Malkin’s model. As a result, they concluded that Malkin model cannot be 
seen as a suitable modelling of APCL in quasi-adiabatic condition. Similar results were 
obtained from Teuwen’s research, where fitting parameters (𝐴0 and 𝐵0) of Eq.1 were not 
independent on reaction condition. 
 
Table 2-2 Coefficients k and b as a function of activator concentration in Malkin model from Russo’s 
research[8]. Activator: CHIC-B; initiator: CLNa. 
[A](mmol/L) 𝑘 ∗ 10−7(L/(mol*s)) b(mol/L) 
50.7 3.76 16.16 
50.7 3.47 17.64 
67.6 2.95 18.96 
67.6 2.69 31.62 
101.4 1.72 44.75 
101.4 1.87 44.18 
 
Table 2-3 Coefficients k and b as a function of activator type in Malkin model from Russo’s research[8]. 
Activator 𝑘 ∗ 10−7 (L/(mol*s)) b (mol/L) 
CHIC-B 3.76 16.16 
CHIC-B 3.47 17.64 
IESiPIC-B 3.33 16.31 
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2.4.1.2 Kamal-Sourour’s model 
Kamal Sourour’s model has found to be accurate in describing many thermoset reactions[29]. 
This autocatalytic model is described by Eq.4. and has recently been validated by Teuwen et al. 
in modeling activated APCL system. 
 
𝑑𝜆
𝑑𝑡
= (𝐴1 exp (−
𝐸𝑎1
𝑅𝑇
) + 𝐴2 exp (−
𝐸𝑎2
𝑅𝑇
) 𝜆𝑚)(1 − 𝜆)𝑛                 (Eq.4) 
 
Where the explanation of  λ, R, T can be found in table 2-1, 𝐴1, 𝐴2, are pre-exponential factors; 
𝐸1, 𝐸2, are activation energies. 𝑚, 𝑛 are the kinetic exponents of the reaction and 𝑚 + 𝑛 
describes the order of reaction. 
 
Teuwen[6] concluded that this model gave the best fitting result for APCL with experiment 
data, the fitting parameters in this model was proposed in Table 2-4.  This model was later 
validated by Russo et al.[8] in two catalyst systems. In each system, different activator/initiator 
concentration was used. The experiment result obtained under fast activation and quasi-
adiabatic conditions support the validity of Kamal-Sourour’s model in describing the kinetic 
development of APCL. The parameters in Kamal-Sourour’s model identified by Russo are 
listed in Table 2-5. 
Table 2-4 Fitting parameters for Kamal-Sourour’s Model identified by Teuwen et al[6] in catalyst 
system CL+C(activator, 1.2mol%)+M(initiator, 1.2mol%) 
Parameters 𝐴1 𝐸𝑎1 𝑛 𝐴2 𝐸𝑎2 𝑚 
Unit 105/𝑠 𝑘𝐽/𝑚𝑜𝑙  105/𝑠 𝑘𝐽/𝑚𝑜𝑙  
Value 5.5 ± 0.09 68.6
± 0.02 
1.21
± 0.06 
5.5 ± 0.06 59.4
± 0.01 
1.55
± 0.06 
 
Table 2-5 Fitting parameters for Kamal-Sourour’s Model identified by Russo et al[6] in two catalyst 
systems: CL+ Initiator(CLNa) + Activator (CHIC-B/TESiPIC) 
Parameters 𝐴1 𝐸𝑎1 𝑛 𝐴2 𝐸𝑎2 𝑚 
Unit 10−4/𝑠 𝑘𝐽/𝑚𝑜𝑙  10−6/𝑠 𝑘𝐽/𝑚𝑜𝑙  
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CHIC-B 2.48
± 0.5 
54 ± 2 1.5 ± 0.6 9.7 ± 1.7 63 ± 2 1.06
± 0.04 
TESiPIC 3.87 56 1.1 10.7 67 1.1 
 
2.4.2 Crystallisation kinetics 
2.4.2.1 Avrami Model 
It is important to understand crystallisation behaviour and develop a model in order to choose 
the shortest cycle time for reactive processing. The Avrami Equation (Eq.6) is an isothermal 
crystallisation kinetic model used for characterizing several polymers[30-32].  
 
𝑋𝑐(𝑡) = 𝑋𝑐(1 − exp (−𝐾𝑡
𝑛𝑐))                                                 (Eq.6) 
 
Where 𝑋𝑐(𝑡) is the degree of crystallinity at time t, K is the rate Arrhenius constant which can 
be defined by (Eq.5) and 𝑛𝑐 is the Avrami constant which represent the mechanism of 
nucleation and the dimension of crystal growth. The validity of Avrami model on the modelling 
isothermal crystallisation of PA6 has been well presented in literatures [33-36].  
 
2.4.2.2 Modified Avrami model 
Avrami Model is not suitable for describing crystallisation kinetics in its integral form, which 
makes it difficult to model non-isothermal crystallisation. A modified form (Eq.7) was defined 
by Malkin et al.[37] and Lee et at. modified it for non-isothermal condition [38]. 
 
𝑑𝛼
𝑑𝑡
= 𝐴𝑒𝑥𝑝 (−
𝐸𝐷
𝑅𝑇
) ∗ exp (−
𝜓𝑇𝑚
𝑜
𝑇(𝑇𝑚
𝑜 −𝑇)
)𝛼
2
3(𝛼𝑒𝑞 − 𝛼)                   (Eq.7) 
 
Where A is defined by Eq.8: 
 
𝐴 = 𝐶 ∗ (36𝜋𝜌𝑐 ∙ 𝑁𝑣0
3)1/3                                       (Eq.8) 
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Where A is the pre-exponential factor, 𝐸𝐷 is activation energy for diffusion, 𝜓 is a constant, 𝑇𝑚
𝑜  
is equilibrium temperature, C is Arbitrary constant, 𝜌𝑐 is density of spherulite, N is the number 
of nuclei per unit mass, 𝑣0 is the universal constant for semi-crystalline polymers which equals 
to 7.8 ∗ 108𝜇𝑚/𝑠. 
 
2.4.2.3 Kim’s model 
It has been proved that the parameters in modified Avrami model are difficult to find and the 
equation gives rise to a lot of scatter[39]. Theredore, to apply Arvami model for the modelling 
of polymerisation induced crystallisation (i.e. crystallisation during APCL), a modified form 
(Eq.9) was proposed by Kim et al. [39]. 
 
𝛼(𝑡) = 𝛼𝑒𝑞 ∗ 𝛽 ∗ (1 − exp (−𝐾(𝑡 − 𝜃)
𝑛𝑐))                     (Eq.9) 
 
This model is so called the ‘polymerisation induced crystallization model’. Where 𝜃 is the 
crystallisation induction period. K is the rate constant of crystallisation, 𝑛𝑐 is the exponent, K 
and 𝑛𝑐 are all considered as constant, which are independent on the temperature rise and 𝜃 
during reaction. This model assume crystallisation only occurs when polymer is formed 
through the addition of monomer conversion (𝛽) and 𝜃.  
 
2.4.3 Kinetics of viscosity change 
2.4.3.1 Modified Castro-Macosko Model 
The Castro-Macosko model has been widely applied for the study of viscosity change during 
the polymerisation of thermoset materials[40], The Castro-Macosko model equation is given 
by Eq.10: 
 
𝜂𝛼 = 𝜂0(
𝛼𝑔𝑒𝑙−𝛼
𝛼𝑔𝑒𝑙
)𝐸+𝐹𝛼                                              (Eq.10) 
 
Where  𝜂0 and 𝜂𝛼 are initial solution viscosity and amorphous phase viscosity respectively. 
𝛼𝑔𝑒𝑙 is the reaction ratio of the monomer at gelation, 𝛼 represents the reaction ratio during 
reaction up to gelation. Because crystallisation is involved in the polymerisation of 𝜀-
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caprolactam, physical gelation is included in the percolation of spherulites, this model is 
modified as Eq.11: 
𝜂 = 𝜂𝛼 (
𝜒∞ − 𝜒𝑐
𝜒𝑐
)
𝐸𝑚2+𝐹𝑚2𝜒𝑐
 
= 𝜂0(
𝛼𝑔𝑒𝑙−𝛼
𝛼𝑔𝑒𝑙
)𝐸𝑚1+𝐹𝑚1𝛼 (
𝜒∞−𝜒𝑐
𝜒𝑐
)
𝐸𝑚2+𝐹𝑚2𝜒𝑐
                           (Eq.11) 
 
Where 𝐸𝑚1, 𝐸𝑚2, 𝐹𝑚1, and 𝐹𝑚2 are fitting parameters to viscosity data. This modified model 
was validated by Taki et al. and proved it validity in describing the viscosity change of APCL 
in certain temperature range[5].  
 
2.5 Equipment and characterizing methods 
2.5.1 Differential Scanning Calorimetry (DSC) 
Differential Scanning Calorimetry (DSC) is a technique that monitor the change in heat flow 
when materials are subject to heating, cooling, or isothermal conditions. The resultant heat 
flows give information on the thermal properties of materials such as heat capacity, glass 
transition temperature, melting temperature[41]. It can also be used for recording thermal 
development of endo/exo thermal reactions or processes.  
 
The first successful attempt of characterising polymerisation and crystallisation through DSC 
in APCL was achieved by Wilfong in 1992 [42]. Non-isothermal polymerisation was carried 
out using CLNa and adipolyl-bis-caprolactam catalyst system. This catalyst combination 
enabled slow reaction which made it possible to separate the polymerisation and crystallisation 
[42]. The result is shown in Fig  2-10, at slow heating rate, polymerisation and crystallisation 
occurred simultaneously and then followed by the melting of crystalline PA6. As the heating 
rate increases, the polymerisation and crystallisation occur separately until heating rate is high 
to 10 ℃/s when only polymerisation can be seen in heat flow. 
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Figure 2-10 DSC trace of APCL CLNa as initiator and adipolyl-bis-caprolactam as activator in non-
isothermal conditions with heating rate at 1,5,10℃/min 
 
 
2.5.2 Vibrational (Infrared) Spectroscopy 
Vibrational Spectroscopy is a useful technique to follow chemical changes in chemical reaction. 
This technique relies on the fundamentally quantized nature of bound vibrational energies, i.e. 
chemical bounds absorb specific energy quanta (specific light wavelength). This technique 
output a graph with wavelength of infrared light (x-axis) and infrared absorbance of sample (y-
axis). The chemical composition of sample can be determined by comparing the output graph 
with spectral database. This technique can be applied to the monitoring of APCL by 
identification of chemical bounds which grow or disappear with polymerisation, and grow, 
appear or shift with crystallisation. The rate of these two processes can thus be determined by 
the rate of changes in chemical bound associated with each process.  
 
Several forms of infrared absorption can be used for the characterisation of the processes in 
APCL, including middle-wavelength IR (MIR) and near-wavelength IR (NIR). Both rely on 
the changes in the molecule’s dipole moment. The MIR region (400-4000𝑐𝑚−1)  directly 
detects the wavelength of absorption (including some overtones and combinations), whereas 
the NIR region (4000-14000𝑐𝑚−1) only consist of overtone and combination bands. Due to this 
difference, it is therefore difficult to tie NIR bands directly to certain phenomena, but it allows 
for the separation of phenomena. In addition, NIR spectra is a cost-effective technique when 
compare to MIR due to the use of common fibre-optics as probe. 
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2.5.3 Dielectric thermal analysis 
Dielectric monitoring is a new technique to monitor the curing of composites parts. This 
technique monitors the changes in dielectric constant of materials when reaction progressing.  
The output quantitative data indicate the crystallisation, build-up of glass transition 
temperature, the extent of cure, and viscosity changes of polymers [43, 44]. This have been 
implemented in thermoset systems successfully [45]. However, the dielectric monitoring of 
APCL have not yet been reported in literatures. It is expected that the high dielectric permittivity 
of the PA6 compare to caprolactam could result in a significant change in dielectric character. 
One of the challenge in dielectric monitoring is that the high ion mobility of catalyst mixture 
enabled by low monomer viscosity could potentially drown out of more pertinent phenomena. 
 
 
2.5.4 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis is a typical thermal analysis technique which measures material’s 
mass as a function of time or temperature when material is placed in a controlled atmosphere. 
The results obtained from TGA can indicate physical phenomena, for example, second order 
phase transitions, i.e. vaporization, sublimation, etc. In addition, TGA also indicates chemical 
phenomena, such as chemisorption, decomposition, etc. [46] 
 
TGA is a useful technique in studying thermoplastic/ thermoset polymers, composites, 
elastomers, etc. Polymers exhibit mass loss when being heated at slow heating rate, these mass 
losses include: 
 
• Evaporation of residual solvents, low MW additives, or oligomers at 300℃ 
• Water and formaldehyde, generated from the cure of phenolic and amino resins at 
around 100-250℃ 
• Volatile degradation product generated from chain session that usually happens at 200-
800℃ 
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TGA can potentially to be used for determining monomer conversion of polymerised PA6 
samples in this project. It is hypothesised that the caprolactam monomer will evaporate from 
the melted sample before the degradation of polymer when being heated.  
 
2.5.5 Soxhlet extraction 
Soxhlet extraction through acetone or demineralised water has been widely used for 
determining monomer conversion of polymerised PA6 samples in literatures [47, 48]. The 
monomer conversion can be determined by dividing the sample weight of purified PA6 by its 
total weight before soxhlet extraction. Soxhlet extraction should offer more precise result than 
TGA because no further heating is required. However, it is time consuming when compared to 
TGA. 
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3 Experiment 
3.1 Materials 
This work uses Bruggemann’s  Brüggolen® C system, with C1 (caprolactam magnesium 
bromide, 1.4mol/kg in caprolactam), C20P (hexameththylene-1,6-dicarbamoylactam,2mol/kg 
in caprolactam) as initiator and activator respectively. All materials were vacuum sealed in 
aluminium bags to avoid the moisture and oxygen uptake from the environment, and used 
without further purification. 
 
3.2 Sample preparation 
The catalyst mixtures were grounded and then melted on a hotplate then mixed. The hotplate 
temperature was controlled at 75℃ to ensure all materials were evenly melted without 
undergoing polymerisation in beaker. DSC samples were prepared by pipetting small quantities 
of molten catalyst mixture (sample size: 10-30mg) into the TA-Analysis Tzero hermetically 
sealed pans. Sample preparation was conducted in dry nitrogen glovebox (𝑂2, 𝐻2𝑂 < 0.1ppm) 
due to the moisture and oxygen sensitivity of materials. 
 
Figure 3-1 preparation of C1+C20P+CL catalyst mixture in glovebox 
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3.3 Methodology 
3.3.1 Process monitoring 
Small scale APCL was carried out using DSC with C1/C20P/CL catalyst system. The major 
parameters which influence APCL and the properties of PA6 were investigated, including 
initiator / activator concentration, and polymerisation temperature. The flow chart in Fig 3-2 
illustrates the process of processing parameter effect study. DSC samples were put in DSC , the 
resultant heat flow allows for the identification properties of PA6 including melting point, 
polymerisation rate, and crystallinity. The monomer conversion was characterised by 
thermogravimetric analysis. 
 
Figure 3-2 Flow Chart of APCL process monitoring 
 
3.3.2 Validation of reaction kinetic models 
The DSC isothermal polymerisation trace under different conditions were used for validation 
of reaction kinetic models. The flow chart (Fig 3-3) demonstrates the process of the kinetic 
model validation. The DSC isothermal curing heat flow were separated into heat flows of 
polymerisation and crystallisation. The subtracted polymerisation heat flows were converted 
into monomer conversion-reaction rate diagram for the validation of polymerisation kinetic 
models, which including Malkin model and Kamal-Sourour model. The subtracted 
crystallisation traces were used for validation of Kim’s isothermal crystallisation model.  
 
DSC samples 
(10-30mg)
DSC
(heating-cooling-heating cycle)
PA6 melting poing Crystallinity Polymerisation rate
Monomer 
conversion
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Figure 3-3 Flow chart of  parameter determination of kinetic models 
3.3.3 Test matrix  
The study of processing parameter effect on reaction kinetics were based on the test matrix 
given in Table3-1. Each experiment was repeated three times to ensure the repeatability of the 
results. 
Isothermal heat flow from DSC
Peak separation to polymerisation and 
crystallisation 
Fitting the monomer 
conversion-reaction 
rate to polymerisation 
kinetic model
Kamal-Sourour's 
model
Malkin model
Fitting the 
crystallinity-time to 
crystallisation kinetic 
model
Kim's model
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Table 3-1. Test matrix used in this thesis.  
Reactant cont. (mole%) Isothermal temperature (℃) 
[C1] [C20P] 140 150 160 170 
0.6 0.6     
0.8     
1.0     
1.2     
1.4     
1.2 0.4     
0.6     
0.8     
1.0     
1.2     
 
 
3.4 Characterisation and analysis 
3.4.1 Characterisation equipment  
3.4.1.1 Differential Scanning Calorimetry (DSC) 
TA-Analysis Q2000 Series Differential Scanning Calorimetry was used to record the thermal 
development during isothermal polymerisation and crystallisation. All samples were heated 
from 20 ºC at 40 ºC/min to their respective isothermal temperatures (140 ºC, 150 ºC, 160 ºC, 
170ºC) and held for 40 minutes, this step allows for the melting of the caprolactam and 
catalysts and ultimately the curing of the mixture. Subsequently the samples were then heated 
at 20 ºC/min to 280 ºC, cooled at 20 ºC/min to 20 ºC, and heated at 20 ºC/min to 280 ºC to 
allow for the characterization of melting, recrystallisation, and remelting of the resultant PA6 
respectively. 
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3.4.1.2 Thermogravimetric analysis (TGA) 
Thermogravimetric analysis was conducted to characterise the monomer conversion of PA6 
synthesised in DSC as discussed in section 3.5.1, the reaction product from DSC pans were cut 
to smaller samples (3-5mg) and added to Mettler-Toledo TGA pans (40 𝜇𝐿 aluminium 
crucibles) and used in a Mettler Toledo TGA LF1600. In a typical heating cycle, the sample 
was heated from 50℃ to 500℃ at 20℃/min, with 5-minute isothermal at 100℃ to allow for the 
evaporation of water content in sample. 
 
3.4.2 Result interpretation  
3.4.2.1 DSC trace interpretation 
Fig 3-4(a) and (b) are typical examples of DSC trace of C1-C20P system in a heat(isothermal)-
cool-heat cycle. Five exo/endo thermal peaks can be observed from the DSC trace. These peaks 
allow for the identification of following process/reaction. 
(1) Monomer/ catalyst melting; 
(2) Isothermal polymerisation and crystallisation at varied isothermal temperatures; 
(3) Melting of synthesised PA6; 
(4) Recrystallisation of PA6; 
(5) PA6 remelting. 
 
 
Figure 3-4 DSC trace for C1-C20P system. Left: heating and cooling cycle; Right: second heating 
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3.4.2.2 TGA trace interpretation 
Fig 3-5 is a typical example of the mass change of synthesised product from DSC in a TGA 
heating cycle. Due to the lower evaporation point of monomers (T=270.8℃), three significant 
mass drops of sample can be observed: 
(1) Evaporation of water in sample; 
(2) Evaporation of unconverted monomer; 
(3) Degradation of PA6. 
 
Figure 3-5 TGA trace of synthesised PA6 at [C1]=1.2mol%, [C20]=1.2mol%, T=140℃. 
 
3.4.3 Properties measurement 
3.4.3.1 Crystallinity and melting point 
Crystallinity: Percentage of crystallinity can be determined by normalizing the heat fusion of 
polymer during experiment to that of 100% crystallised same polymer. In this project, the 
degree of crystallinity is calculated by Eq.12: 
 
𝑋𝑐 = ∆𝐻𝑝 ∆𝐻100⁄ ∗ 100%                                              (Eq.12) 
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where ∆𝐻𝑝 is the heat fusion of PA6 during melting (peak 3 area in Figure 3-4, calculated by 
Universal Analysis software), ∆𝐻100 is the heat fusion of 100% crystallized PA6 which is equal 
to 190J/g.  
 
Melting point: melting point can be measured by the peak 3 and 5 temperature through TA 
Universal Analysis software. 
 
3.4.3.2 Polymerisation rate 
Polymerisation rate is calculated by Eq.13. Where t1/2 is reaction half time, which is the width 
of half peak of polymerisation, t1/2 can be obtained through the DSC trace of isothermal heat 
flow, as shown in Figure3-6. 
 
𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑠𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 1/𝑡1/2                                     (Eq.13) 
 
Figure 3-6 Determination of polymerization halftime 
3.4.3.3 Monomer conversion 
In Figure3-5, the evaporation of monomers can be seen between 200℃ and 300℃, degree of 
conversion (DOC) can thus be calculated by Eq.14, when the residual monomers evaporate 
from polymerised PA6 as shown in Fig 3-5. 
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𝐷𝑂𝐶 = 𝑤𝑒𝑖𝑔ℎ𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑃𝐴6 𝑎𝑡 300℃                                  (Eq.14) 
 
 
3.4.4 Experiment repeatability  
To ensure the repeatability of experiment, all experiment in test matrix were conducted three 
times, only the repeatable DSC trace were analysed in this research. Failed trails, for example, 
leaked samples, deactivated materials were eliminated from this study. Figure3-7 illustrates the 
experiment repeatability in DSC isothermal trail for C1-C20P system, it shows that using the 
same polymerisation condition result in the similar heat flow of polymerisation and 
crystallisation. 
 
Figure 3-7 Experiment repeatability: isothermal heat flow curve at [C1]=1.2mol%, [C20P]=0.6mol%, 
T=140,150,160℃. 
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4 Experiment result 
In APCL system catalysed by C1-C20P, polymerisation halftime, monomer conversion, 
crystallinity, and melting point were recorded in response to different processing conditions. 
Table 7-1 in appendix 1 shows the result of experiments that carried out according to test matrix 
in Table 3-1. The summarized experiment results are discussed in the following sections 
according to the processing conditions.  
 
4.1 C1 concentration effect 
Figure4-1 shows the effect of initiator (C1) concentration on PA6 melting point, crystallinity, 
polymerisation halftime, and monomer conversion.  The initiator concentration influences are 
shown at activator concentration of 0.6 mol% and isothermal polymerisation temperature 
between 140℃ and 170℃.  
 
The graph in Figure4-1 (a) shows that by increasing initiator concentration from 0.6 to 1.2 
mol%, polymerisation halftime are shorted by approximately 3 minutes. Initiator provide anions 
to initiate polymerisation reaction[49], the increasing initiator concentration result in the 
increase in initiating point for polymerisation, so that increase the polymerisation rate and 
subsequently lead to the drop in polymerisation halftime.  
 
The graph in Figure4-1 (b) shows that increasing initiator concentration result in a non-
significant drop in the crystallinity of PA6 (crystallinity drop 5% with the increasing C1 
concentration). As mentioned above, the increase in initiator concentration increases the 
polymerisation rate. Because of the exothermic nature of APCL, crystallisation rate is thus 
decreased because of the increasing heat flow from reaction. But this influence is not significant 
when isothermal trails are conducted, as any increase in heat flow will be offset by DSC to 
stabilise the processing temperature in isothermal condition. So, the crystallinity of PA6 only 
slightly decrease with increasing initiator concentration. It is expected this effect will become 
more significant in non-isothermal APCL (temperature ramp) trails, as the auto-catalytic effect 
and temperature build-up in APCL become more obvious, the crystallinity can be significantly 
reduced by the increase in initiator concentration[15]. 
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The graph in Figure4-1 (c) shows that the monomer conversion decreases with increasing 
initiator concentration. For each initiator molecule add into the reaction, it consumes one 
monomer molecule to compensate for the cation released. Due to this reaction mechanism, 
100% monomer is not achievable in APCL. The more initiator molecules are added into the 
reaction, the more monomer will be consumed rather than added into polymer chain, so that 
decrease the final degree of conversion[50]. In addition, the monomer conversion is more likely 
to decrease with increasing initiator concentration as a consequence of shift in ring-chain 
equilibrium.  
 
Figure 4-1Initiator concentration effect on (a) polymerisation halftime; (b)crystallinity; (c) monomer 
conversion; (d) melting point 
 
4.2 C20P concentration effect 
Figure4-2 shows the effect of activator (C20P) concentration on PA6 melting point, 
crystallinity, polymerisation halftime, and monomer conversion. The activator concentration 
influences are shown at initiator concentration of 1.2 mol% and isothermal polymerisation 
temperature between 140℃ and 170℃.  
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The graph in Figure4-2 (a) shows that by increasing activator concentration (from 0.4 to 1.2 
mol%) polymerisation halftime is significantly decreased for about 10 minutes. Activator is the 
starting point for polymer chain growth during APCL, so the increase in activator concentration 
result in increasing initiating point for polymer chain growth, which allow for more 
simultaneous polymer chain growth and thus lead to higher polymerisation rate[20].  
 
In Figure4-2 (b), similar as the initiator concentration effect, crystallinity slightly decreases 
with increasing activator concentration. This may be explained by two reasons: firstly, the 
increase in activator concentration result in the increase in polymerisation rate, thus the heat 
release from polymerisation may interact on the crystal growth. Secondly, the increase in 
activator concentration shorted the polymer chain length due to the adding of more starting 
point for polymer chain growth[51], the formation of hydrogen bounds within the polymer 
chains is thus more difficult, which decrease final degree of crystallinity.  
 
Figure4-2 (c) shows that the monomer conversion increases about 0.5-1% with the increasing 
activator concentration. This is because the adding of activator increase the concentration of 
initiating point for polymer chain growth, which make monomer molecules easier to participate 
in the reaction and thus increase the monomer conversion. In addition, due to the fast 
polymerisation enabled by activator, crystallisation is therefore relatively “delayed” compare 
to polymerisation [49]. So, less monomer can be trapped in crystals which increase the 
monomer conversion.  
 
Figure4-2 (d) shows that the changes in activator concentration do not result in significant 
change in the melting point of PA6 expect the 160℃ trail, though it is hypothesised that the 
melting point of synthesised PA6 should show a peak point at certain activator concentration 
with the increasing activator concentration (similar as 160℃ trail in Fig 4-2 (d)). It is expected 
that the melting point of PA4 is controlled by MW and monomer conversion. In other words, 
the increase in monomer conversion increase the melting point of PA6 by reducing the residual 
monomer molecule ( the melting point of monomer is much lower than PA6 (𝑇𝐶𝐿 = 69℃, 
𝑇𝑃𝐴6 = 220℃)[52]) However, by keep increasing activator concentration, the melting point 
will then be decreased by decreasing MW. The increasing activator concentration increase the 
number of initiating point for monomer molecules to grow from and enable more polymer 
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chains grow simultaneously. The melting point is therefore decreased due the low MW of 
polymers synthesised in this case. 
 
 
Figure 4-2 Activator concentration effect on (a) polymerisation halftime; (b)crystallinity; (c) monomer 
conversion; (d) melting point 
 
4.3 Polymerisation temperature effect 
Figure4-3 shows the effect of isothermal polymerisation temperature on PA6 polymerisation 
halftime, crystallinity, monomer conversion, and melting point.  The processing temperature 
influences are shown at initiator and activator concentration of 1.2 mol% and 0.4-1.2 mol% 
respectively.  
 
The graph in Figure4-3 (a) shows that the by increasing polymerisation temperature from 140 
to 170 ℃, polymerisation halftime is shortened for 13 minutes. This occurred because, based 
on Arrhenius equation[53], the rate constant of reaction increases with the increasing 
temperature. The reaction rate consequently increased, and the polymerisation halftime is 
shortened. This result agrees well with the findings reported previously[3, 20, 54]. 
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The degree of crystallinity has major effect on the mechanical properties of synthesis PA6: 
normally, the increase in crystallinity results in higher strength and stiffness[55]. In Figure4-3 
(b), crystallinity significantly decreased from 45-55% to 30-40% when polymerisation 
temperature increase from 140 to 170℃. This change can be explained by two reasons. First, 
the increase in processing temperature increase the thermal motion of polymer chains and make 
it difficult to form hydrogen bounds and thus make crystallisation difficult. Second, as 
mentioned earlier, the increase in polymerisation temperature increase the branching reaction 
during APCL. Crystallisation is therefore influenced due to the irregular structure of branched 
polymer [56]. 
 
In figure4-3 (c), the monomer conversion shows an increase-decrease trend across temperature 
and reaches to the highest value at 140-160℃. This behaviour agrees well with the findings 
reported in literatures[3, 20, 22]. It is reported that the monomer conversion during APCL is 
affected by crystallisation rate and the ring-chain equilibrium of reaction[53]. The increase in 
temperature result in fast polymerisation and slow crystallisation, which enables more 
monomer to participate in APCL and thus increase monomer conversion. However, as the 
reaction temperature keep increasing, the ring-chain equilibrium will be shifted to ring (i.e. 
monomer) side due to the exothermic nature of the reaction, the monomer conversion at higher 
reaction temperature is thus decreased.  
 
Figure4-3 (d) shows that the melting point of PA6 significantly decreased from 223℃ to 210℃ 
with increasing isothermal polymerization temperature. This phenomenon maybe attributable 
to the changes in crystal morphology (i.e. phase changes, hydrogen bounds formation) at 
different processing temperatures [52]. It is known that during rapid cooling or fast reaction, 
PA6 tend to crystallise into 𝛾-form[57], and 𝛼 form is more likely to occur at slow reaction rate. 
In other word, with the increase in processing temperature, the crystalline phase shifts from 𝛼 
form to 𝛾-form, i.e. into a less thermal stable structure that decrease the melting point of PA6. 
In addition, the hydrogen bounds are recognized as the main structural features of PA6 that 
influence the melting point [58]. The higher reaction temperature interacts on the formation of 
hydrogen bounds, and thus decrease the thermal stability of PA6. As a result, the melting point 
ENGG7281    
 
 
   Page 40 of 69  
 
of PA6 significantly decreased with higher processing temperature due to the changes in crystal 
phase and the less hydrogen bounds formation. 
 
 
Figure 4-3 Reaction temperature effect on (a) polymerisation halftime; (b)crystallinity; (c) monomer 
conversion; (d) melting point  
 
4.4 Summary 
This section studied the APCL on small scale using DSC and TGA as analytical techniques. 
The properties (polymerisation halftime, crystallinity, monomer conversion, and melting point) 
of PA6 synthesised by APCL were characterised as a function of processing conditions.  
 
The major results in this section including: 
• While changing polymerisation temperature (140-170℃) and activator concentration (0.4-
1.2mol%) both significantly shortened the polymerisation halftime for about 13-15 minutes, 
polymerisation rate is less dependent on initiator concentration. 
• The processing temperature plays the most important role in determining crystallinity as the 
crystallinity was almost halved from 58% to 33% by increasing processing temperature 
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from 140℃ to 170℃, whereas the influence of other parameters on crystallinity is negatable 
compare to temperature effect.  
• The monomer conversion shows an optimised value between 140℃ and 160℃, which is 
due to the changes in rate of crystallization and the shift in ring-chain equilibrium at 
different processing temperatures. This finding provides a potential temperature range on 
processing temperature optimisation for C1-C20P APCL system. 
• The melting point of synthesised PA6 is found to be between 210-225℃, and independent 
on reactant concentration, while significantly decreases at higher processing temperature. 
This finding presents the need for further investigation on the micro-properties of PA6, i.e. 
MW and crystal morphology. 
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5 Reaction kinetics study 
According to the methodology discussed in Figure 3-3, reaction kinetic study is carried out in 
this section. The details of data processing are discussed in 5.1 which include data selection 
criteria, and separation of polymerisation and crystallisation heat flows. The Kamal-Sourour 
model, Malkin model, and Kim model are validated and discussed in the following sections. 
5.1 Data processing 
5.1.1 Data selection 
 
Figure 5-1 Data selection: isothermal heat flow of polymerisation and crystallisation at [C1]=1.2mol% 
[C20P]=0.8mol%, T=150℃ 
Isothermal DSC analysis was used to validate the kinetic model through measurement of the 
heat flows of polymerisation and crystallisation over time. Figure5-1 shows a typical DSC heat 
trace for an isothermal polymerisation test at 150℃ including reaction and crystallisation 
exotherm.  
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For the purpose of data analysis/ separating polymerisation and crystallisation thermal profiles, 
the initiation and the conclusion of the reaction must be defined. As the heat flow represents 
the thermal development of the reaction, the derivative of the heat flow curve has a valued of 
zero prior to the start of the reaction and once again when the reaction is complete. This is 
shown in Fig 5-1, the gradient of the heat flow is plotted against time. The start and the end 
points of reaction are then defined by two points where the gradient is zero. The corresponding 
points on the x-axis are selected for data analysis.  
 
5.1.2 Separation of polymerisation and crystallisation peaks 
Separation of overall heat flow allows for the modelling and characterization of polymerisation 
and crystallisation individually. In this work, the exothermic heat flows of these two phenomena 
were assigned to be two asymmetrical Gaussian functions as conducted by Taki et al [5]. The 
peak area of crystallisation was constrained to be equal to that of the subsequent melting peak 
of PA6 crystals. Any crystallisation occurring at a low enough rate after the conclusion of the 
cure peak, including annealing of 𝛾 is not accounted for in this analysis. The fitting functions 
and parameters constraints are presented in Eq.15,16 and 17: 
 
𝑓1 = {
𝑎1 exp (−
(𝑡−𝑏1)
2
2𝑐11
2 ) (𝑡 ≤ 𝑏1)
𝑎1 exp (−
(𝑡−𝑏1)
2
2𝑐12
2 ) (𝑡 > 𝑏1)
                                      (Eq.15) 
 
𝑓2 = {
𝑎2 exp (−
(𝑡−𝑏2)
2
2𝑐21
2 ) (𝑡 ≤ 𝑏2)
𝑎2 exp (−
(𝑡−𝑏2)
2
2𝑐22
2 ) (𝑡 > 𝑏2)
                                      (Eq.16) 
 
Where 1 and 2 represent polymerisation and crystallisation respectively. 𝑎 correspond to peak 
height and 𝑏 represents peak-onset time. 
 
∆𝐻𝑓 = ∫ 𝑓2𝑑𝑥
𝑡2
𝑡
                                                   (Eq.17) 
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∆𝐻𝑓 is the heat fusion of PA6 during first DSC heating (the area of peak 3 in Figure3-4).  𝑡1 
and 𝑡2 are the time before and after the polymerisation/ crystallisation process as defined in 
section 5.1.1.  
 
Figure 5-2 presents example peak separations of polymerisation and crystallisation in 
isothermal DSC cycles, the black dashed line ‘calculation’ is the sum of the separated 
polymerisation and crystallisation curves. A good fit between the original experimental curves 
and the reduced sums (‘calculation’) curves is observed. Any differences may be considered as 
departure of behaviour from the simplified asymmetrical Gaussian functions, or perhaps an 
additional phenomena or interaction between polymerisation and crystallisation. This may 
include errors in calculating the crystallisation (𝛾-phase, annealing) or significant interactions 
between the polymerisation and crystallisation processes. 
 
Figure 5-2 Separation of polymerisation and crystallisation peaks from DSC trace at different 
isothermal temperature. Data resource: [C1]=1.2mol% [C20P]=1.2mol%, T=130,140,150,160,170℃ 
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5.1.3 Kinetic modelling 
Among the previously discussed kinetic models for polymerisation and crystallisation (Section 
2.4), Malkin model and Kamal-Sourour model were validated in this project for polymerisation 
kinetic study. The Kim’s model was studied for crystallisation kinetics. The current widely 
accepted polymerisation and crystallisation models are presented in Table 5-1. 
Table 5-1 Comparison of polymerisation and crystallisation kinetic model reported in literatures.  
Polymerisation kinetic models 
Malkin model 
𝑑𝜆
𝑑𝑡
= 𝐴0(1 − 𝜆)
𝑛(1 + 𝐵0𝜆)𝑒𝑥𝑝 (−𝐸𝑎/𝑅𝑇) 
Explanation Pros. Cons. 
• Arrhenius autocatalytic model; 
• The most frequently used 
polymerisation/curing kinetic 
model since its appearance; 
• Four adjustable 
parameters,𝐴0, 𝐵0, 𝐸𝑎 , 𝑛; 
• Provide excellent 
simulation of 
polymerisation 
kinetics.[8] 
• Inconstant parameters 
for different 
processing conditions 
[6, 8] 
Kamal-Sourour model 
𝑑𝜆
𝑑𝑡
= (𝐴1 exp (−
𝐸𝑎1
𝑅𝑇
) + 𝐴2 exp (−
𝐸𝑎2
𝑅𝑇
) 𝜆𝑚)(1 − 𝜆)𝑛 
Explanation Pros. Cons. 
• Autocatalytic model used for 
thermoset reactions; 
• Recently proved to be valid for 
thermoplastic reactions [15] ; 
• Six adjustable parameters, 
𝐴1, 𝐴2, 𝐸𝑎1, 𝐸𝑎2, 𝑚, 𝑛; 
• The use of two rate 
constants provide more 
accurate modelling 
results. 
• Gave constant and 
accurate result under each 
processing condition[5, 8, 
15]. 
• Large variation in 
parameters exist 
between different 
literatures [5, 8, 15]. 
Crystallisation kinetic models 
Avrami Model 
𝛼(𝑡) = 1 − exp [−(𝑡/𝑡0)
𝑛𝑐] 
Explanation Pros. Cons. 
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• Isothermal crystallisation kinetic 
model; 
• Extensively used in literatures for 
crystallisation kinetic modelling 
of semi-crystalline polymers [34, 
35, 59]. 
• Showed good result in 
isothermal measurement 
and model description; 
• Difficult to understand 
and mathematically 
describe the non-
isothermal 
crystallisation; 
• Not sufficient when 
secondary 
crystallisation needs to 
be considered. [60] 
Modified Avrami Model 
𝑑𝛼
𝑑𝑡
= 𝐴𝑒𝑥𝑝 (−
𝐸𝐷
𝑅𝑇
) ∗ exp (−
𝜓𝑇𝑚
𝑜
𝑇(𝑇𝑚
𝑜 − 𝑇)
)𝛼
2
3(𝛼𝑒𝑞 − 𝛼) 
Explanation Pros. Cons. 
• Non-isothermal crystallisation 
kinetic model; 
• Derivative form of Avrami 
Model; 
• Allow for the modelling 
of non-isothermal 
crystallisation. 
• Difficult to 
experimentally find 
the parameters; 
• Equation gives rise to 
a lot of scatter[39] 
Kim model 
𝛼(𝑡) = 𝛼𝑒𝑞 ∗ 𝛽 ∗ (1 − exp (−𝐾(𝑡 − 𝜃)
𝑛𝑐)) 
𝐾 = 𝑒𝑥𝑝 (−𝐸𝑎/𝑅𝑇) 
Explanation Pros. Cons. 
• A modified form of Avrami 
model. 
• Describing crystallinity as a 
function of time and monomer 
conversion 
• Gives more reliable result 
as it consider that 
crystallisation only 
occurs when a portion of 
the polymer is 
formed[39]. 
• Limited information 
from literature for the 
validation of Kim 
model in APCL. 
 
5.2 The Kamal- Sourour model 
This section aims to validate the Kamal-Sourour Model with experiment data. The individual 
parameter fitting was carried out to find the optimized parameters of the Kamal-Sourour model 
for each processing condition. The individual parameter fitting identified the positive 
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correlation between 𝐴2 value and reactant concentration. Derive from this finding, the overall 
parameter fitting was conducted to find the optimized 𝐴2 value for each reactant concentration 
across the temperature range. The parameters of Kamal-Sourour model for C1/C20P catalyst 
system is proposed at the end of this section. 
 
5.2.1 Parameter sensitivity 
To visualise the effect of six parameters of Kamal-Sourour model on the rate of reaction over 
time, three graphs are plotted to indicate the sensitivity of Kamal-Sourour model on the changes 
of parameters. All parameters are varied by ±10% of the initial values which are the kinetic 
parameters obtained by Teuwen [6]. The polymerisation temperature has been set to a constant 
value of 150℃. 
 
Figure 5-3 Parameter sensitivity analysis in Kamal-Sourour’s model 
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It can be seen from Figure5-3 that the changing 𝐴1 and 𝐸𝑎1 shift the initial rate of the model, 
and conversely, that changes in 𝐴2 and 𝐸𝑎2 affect the model once the reaction is established. 
This observation agrees with intuition as the 𝑘2 term is scaled by 𝛽
𝑚, the autocatalytic term. 
The changes in m and n, which are the order of reaction, not only change the reaction rate, also 
shift the peak time of the reaction. It is worth to be noticed that the influence of activation 
energy 𝐸𝑎1 and 𝐸𝑎2 have stronger influence on reaction rate than other parameters, so the 
variance of these two values should always be minimized to avoid the difficulties in parameter 
fitting. Additionally, it should be noted that 𝐸𝑎 and A, cannot be differentiated by parameter 
fitting across the tests with the same temperature (i.e. the isothermal tests). 
 
5.2.2 Model validation result and discussion 
5.2.2.1 Individual parameter fitting 
The reduced isothermal polymerisation under each set of processing conditions were fitted to 
the Kamal-Sourour model using MATLAB curve fitting App—cftool. The value each 
parameter was restricted to literature value ranges [6, 8] to avoid inappropriate minima. It 
should be noted that the literature values were for other catalyst systems but should be of an 
appropriate order of magnitude nonetheless. The summarised individual parameter fitting 
results obtained from the different processing conditions in test matrix are presented in 5-2. 
Table 5-2 Individual parameter fitting result of Kamal-Sourour model under different processing 
conditions. Data resource: reduced polymerisation data under each processing conditions; Model: 
Kamal-Sourour model; Constrains: literature value ranges.[6, 8] 
Concentration Temperature Kamal-Sourour model fitting 
Init Act 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Mol% Mol% ℃ 103/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
1.2 0.4 140 *       
150 2.53 2.849 61.88 60.19 1.07 1.25 97.72 
160 2.47 2.508 61.97 60.07 1.075 1.218 97.95 
170 2.48 2.279 62.00 60.49 0.9725 1.275 96.67 
0.6 140 2.60 2.926 60.00 60.10 0.9474 1.218 98.04 
150 2.60 2.923 62.00 60.09 0.9710 1.195 98.14 
160 2.59 2.836 62.22 60.77 0.9024 1.215 98.57 
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170        
0.8 140        
150 2.60 4.496 62.00 61.02 0.8798 1.155 98.51 
160 2.45 4.563 62.49 60.44 0.8083 1.125 97.87 
170 2.486 6.046 61.14 60.48 0.9328 1.394 97.59 
1.0 140 2.445 6.004 61.59 60.49 0.8684 1.133 97.03 
150 2.549 6.529 62.17 60.84 0.9174 1.197 98.58 
160 2.589 6.618 61.08 60.38 1.1048 1.271 97.67 
170 2.584 6.171 62.05 60.95 1.183 1.443 96.69 
1.2 130        
140 2.598 6.942 61.55 60.62 0.8999 1.157 98.92 
150 2.600 7.146 62.00 60.59 1.009 1.151 97.89 
160 2.591 7.654 61.06 60.49 1.070 1.156 97.04 
170 2.591 7.465 62.03 60.88 1.042 1.335 97.54 
0.6 0.6 140 2.68 3.03 62.4 60.42 0.7566 1.007 97.56 
150 2.68 2.77 62.01 60.54 0.9332 1.13 98.67 
160 2.49 3.06 62.03 59.97 1.034 1.168 97.69 
170 
       
0.8 140 
       
150 2.52 3.05 62.75 59.91 0.8898 1.133 97.69 
160 2.50 4.09 62.21 60.30 1.076 1.222 97.29 
170        
1 140 2.41 3.15 61.65 59.85 0.8516 1.073 98.20 
150 2.57 2.97 62.04 60.06 0.9717 1.1 98.48 
160 2.47 5.49 61.31 60.03 1.161 1.258 97.59 
170        
1.2 140 2.44 3.019 62.59 60.00 0.8672 1.041 97.79 
150 2.44 4.676 62.62 59.92 0.9704 1.145 98.31 
160 2.44 3.005 62.60 60.51 0.8265 1.03 97.83 
170 
       
*The empty cells: nonmeaningful peak separation results which cannot be used for kinetic model validation. Such as, 
incomplete reaction (at low temperature), fast reaction during temperature ramp (at high temperature). 
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Table 5-3 Summary of Kamal-Sourour model individual parameter fitting result in Table 5-2 
Overall Kamal-Sourour model fitting 
Parameter 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Unit 103/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
Average 2.5355 4.4380 61.9086 60.3714 0.9640 1.1855 97.84 
Variance 0.23% 71.88% 0.56% 0.19% 1.19% 0.86% 0.34% 
 
The summarised fitting result are shown in Table5-3, high coefficient of determination (>97%) 
were found for all experiments indicate a good fit. The enthalpies of polymerisation were found 
to be between 130 and 150J/g, which is close to the total enthalpies of polymerisation reported 
by several authors [38, 39]. Comparing the average values of kinetic parameters with literature 
values, the 𝐸𝑎1, 𝐸𝑎2, m and n values comply well with the values that given in Table 2-4 and 2-
5. The 𝐴1 and 𝐴2 show a large difference from literature value, this maybe attributable to 
differences between the C1-C20P system and those used in literature, which can be reasonably 
expected to have a different initiation and propagation rate [6, 8]. 
 
From the analysis of variance of each parameter, it can be seen that other than parameter 𝐴2, 
the other parameters (𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n) have variance across all experiments less than 1.2%. 
These parameters can thus be considered as constants in the Kamal-Sourour model for C1-C20P 
system for the parameter range explored in this study. Contrarily, 𝐴2, which is the pre-
exponential factor in 𝑘2 of Kamal-Sourour model, has a large variance of ~72%. As 𝑘2 
dominates the reaction rate when reaction progressing, it is assumed that the differences in 
processing conditions shift the reaction rate after a portion of polymer is produced – i.e. the 
autocatalytic effect. To visualise the effect of processing condition on 𝐴2, 𝐴2 is plotted against 
initiator concentration, activator concentration and processing temperature in Figure 5-4. 
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Figure5-4 shows that the 𝐴2 value is independent on the isothermal temperature, whereas shows 
a strong linear dependence on activator concentration. Only minor changes in 𝐴2 value can be 
seen with the changes in initiator concentration, though a large degree of variance is observed 
this lack of a trend might be attributed to the ratio of C1/C20P and batch to batch differences. 
This is a useful confirmation of the model, as the temperature variance should be accounted for 
by the exp (−𝐸𝑎/𝑅𝑇) term where possible. However, this model does not take into account the 
effect of reactant concentration on the reaction rate. 
 
It would be beneficial to find the different 𝐴2 value in Kamal-Sourour’s model for respective 
reactant concentration valid for the kinetic modelling of polymerisation. According to the 
relationship between 𝐴2 and processing conditions seen in figure 2, it is hypothesised that a 
similar 𝐴2 value and correlation with concentration should be observed for other catalyst 
Figure 5-4 𝐴2 in Kamal-Sourour’s model as a function of processing condition. Top left: 𝐴2-
temperature, Top right: 𝐴2-activator concentration, Bottom: 𝐴2-initiator concentration.  
Data resource: 𝐴2 identified from Table 5-1 individual parameter fitting. 
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systems as the reaction propagation at this point should be dependent on the number of active 
groups and not the identity of the catalyst in particular. This hypothesis will be discussed in 
Ch.5.2.2.2. 
 
5.2.2.2 Overall parameter fitting based on reactant concentration 
The overall parameter fitting is performed to find the relationship between the 𝐴2 value in 
Kamal-Sourour model and reactant concentration across temperature. This is achieved by 
fitting the data groups into Kamal-Sourour model by non-linear regression. Each data group 
includes the data of the polymerisation reaction under the same reactant concentration at 
different temperatures (from 140-180℃). The values of 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m and n were fixed into 
the ranges identified from the individual parameter fitting results, whereas no bound was set 
for 𝐴2 value. The regression output the optimized value of each parameter with maximized 𝑅
2 
between original data set and modelling result.  
 
 
Figure 5-5 Example of overall parameter fitting to Kamal-Sourour model: Fitting data group 
[C1]=1.2mol%, [C20P]=1.2mol%, T=130,140,150,160,170 into Kamal-Sourour model simultaneously. 
The overall parameter fitting generate one Kamal-Sourour moel parameter group fit for one data 
group 
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Figure5-5 is an example of the overall parameter fitting for the isothermal polymerisation using 
C1-C20P system with initiator and activator concentration at 1.2mol% and 1.2mol% 
respectively. It can be seen from the graph that the model overestimated the reaction rate at 
130℃ and 170℃, whereas achieved a good fitting result at 140℃, 150℃, and 160℃. This is 
perhaps indicative of inaccuracies in the fitting of  𝐸𝑎1, 𝐸𝑎2, or the temperature limited of the 
model, i.e. changes in mechanism of polymerisation. It is interesting that both 130 ºC and 170 
ºC underestimated the reaction rate, this is perhaps indicative that neither Ea1 or Ea2 values are 
inaccurate, but their relative magnitudes are erroneous. 
 
The fitting results for all data groups are shown in Table 5-4. More stable results were obtained 
for parameters 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n, with variance smaller than 0.7%. However, the goodness of 
fitting was found to be less than the individual parameter fitting with coefficient of 
determination at 95.83%. This is because of the parameters identified from the overall model 
encompass more unmodeled source of variation, i.e. batch-to-batch differences, model scaling 
imperfections.  
 
Table 5-4 Overall parameter fitting result of Kamal-Sourour model under different reactant 
concentrations. Data resource: reduced polymerisation data group (of the same concentration at 
different processing temperature); Model: Kamal Sourour model; Constrain: individual parameter 
fitting result 
Concentration Kamal-Sourour model fitting 
Init. Act. 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Mol% Mol% 103/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
0.6 0.6 2.45 3.037 62.29 60.09 1.01 1.182 95.18 
0.8 2.43 3.817 62.68 60.06 1.05 1.22 97.87 
1.0 2.45 4.108 62.274 60.164 1.04 1.184 95.39 
1.2 2.38 4.003 63.905 60.164 1.00 1.147 94.55 
1.2 0.4 2.49 2.920 63.023 60.389 1.107 1.335 95.51 
0.6 2.41 3.520 63.091 60.879 1 1.256 96.79 
0.8 2.48 4.603 63.981 59.409 1 1.378 95.07 
1.0 2.47 5.003 63.932 59.49 1 1.237 97.53 
1.2 2.49 5.759 63.011 60.02 1 1.220 94.61 
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Table 5-5 Summary of Kamal-Sourour model overall parameter fitting result from Table 5-4 
Kamal-Sourour model fitting 
Parameter 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Unit 104/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
Average 2.4500 4.0856 63.1319 60.0739 1.0230 1.2399 95.8333 
Variance 0.06% 20.70% 0.72% 0.32% 0.13% 0.45% 1.6169% 
 
 
 
Figure 5-6 Relationship between A2 value and (a): initiator concentration, (b): activator concentration 
Data resource: 𝐴2 value identified from Table 5-4, overall parameter fitting. 
The 𝐴2 value is plotted against initiator and activator concentration respectively to verify the 
hypothesis on the relationship between 𝐴2 and processing conditions. As shown in Fig.5-6(a), 
the 𝐴2 values show a relatively poor linear relationship (𝑅
2 = 0.58) to initiator concentration. 
This may be attributable to batch-to-batch differences during sample preparation. In Fig.5-6 
(b), a strong linear relationship between activator concentration and 𝐴2 value is observed (𝑅
2 =
0.98). This finding provides a trackable 𝐴2 value for parameter determination in Kamal-
Sourour model. 
 
The A1 parameter appears to be independent of the catalyst concentration, perhaps counter 
intuitively as at low conversions the catalyst reaction would seem to be dominating. This 
indicates that the model is not sensitive to the time requirement for the catalyst to meet the 
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initiator, perhaps due to the process of reactive complex formation being the rate limiting step. 
It is expected that this may not hold true for all combinations of catalyst and initiator, and that 
the identity of the catalysts will govern the initial reaction rate (and thus the A1 and 
Ea1 parameters). By contrast, the A2 parameter appears to be dependent on both catalyst 
concentrations, this can be attributed to the number of reactive polymer group propagating 
increasing linearly with catalysts [13].  
 
 
5.2.3 Kamal-Sourour polymerisation kinetic model valid for C1-C20P catalyst system 
The Kamal-Sourour model validation has identified: 
• Robust fitting (𝑅2 > 95%) was achieved in fitting Kamal-Sourour model to experiment 
data through each parameter fitting method (individual and overall parameter fitting).  
 
• Low variance of 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n in parameter fitting, which suggests that these are 
constants in Kamal-Sourour model for the investigated experimental variables. 
 
• Linear relationship between 𝐴2 value and initiator (low confidence) and activator (high 
confidence) concentration, which provide physical meaning to Kamal-Sourour model, 
i.e. in Kamal-Sourour model, the increase in initiator and activator concentration give 
rise to the reaction propagation rate by increasing 𝐴2 value, whereas the reactant 
concentration effects have not been considered in initially proposed Kamal Sourour 
model. 
 
Therefore, the polymerisation kinetics of APCL using C1-C20P commercial catalyst system 
can be described by means of Eq.18.  
 
𝑑𝜆
𝑑𝑡
= (2.45 ∗ 103 ∗ exp (−
63132
𝑅𝑇
) + 𝐴2 exp (−
60074
𝑅𝑇
) 𝜆1.02)(1 − 𝜆)1.23     (Eq.18) 
 
With  
𝐴2 ∗ 10
−5 = 3.58 ∗ [𝐶20𝑃] + 1.50 
 
It is worth to be noted that the linear relationship between 𝐴2 and [𝐶20𝑃]  is only valid for 
initiator concentration at [C1] =1.2mol%, and [C20P]=0.4~1.2mol%. 
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5.3 Malkin model 
5.3.1 Parameter sensitivity 
To visualise the effect of four parameters of Malkin model on the rate of reaction over time, 
two graphs are plotted to indicate the sensitivity of Malkin model on the changes of parameters. 
All parameters are varied by ±10% of the initial values which are the kinetic parameters 
obtained by Teuwen [6]. The polymerisation temperature has been set to a constant value of 
150℃.  
 
Figure 5-7 Parameter sensitivity analysis in Malkin model 
 
It can be seen from Figure5-7 that changing 𝐴0 and 𝐵0 value shift the reaction rate of the model 
at both the initiation and propagation stage. While the order or reaction n, only changes the 
reaction rate in model during propagation. The change in 𝐸𝑎 result in a much stronger influence 
on reaction rate than other parameters, so the variance of 𝐸𝑎 should be minimized to avoid the 
unstable result for model validation. Similar as Kamal-Sourour model, the Ea and A, cannot 
not be differentiated by parameter fitting across tests with the same temperature (i.e. the 
isothermal tests). 
 
 
5.3.2 Model validation result and discussion 
Similar as the parameter fitting for Kamal-Sourour model, the same sets of data were fitted to 
Malkin model using MATLAB curve fitting App-cftool. The value of 𝐴0, 𝐸𝑎, 𝐵0, and n were 
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restricted to literature value ranges [6, 8] to avoid local minima. The parameter fitting results 
obtained from different processing conditions are presented in Table 5-6. 
 
Table 5-6 Parameter fitting result of Malkin model under different processing conditions. Data 
resource: reduced polymerisation data at different processing conditions; Model: Malkin model; 
constrains: 𝐴0,𝐸𝑎 literature value ranges [6, 8] other-free parameters 
Concentration 
Temperature 
Malkin model fitting 
Init. Act. 𝐴0 𝐸𝑎 𝐵0 n 𝑅
2 
Mol% Mol% ℃ 105/𝑠 kJ/mol - - % 
1.2 
0.4 
140      
150 6.428 74.81 20.89 1.1 92.32 
160 6.038 74.97 20.15 1.111 90.99 
170 5.047 74.96 20.24 1.222 94.17 
0.6 
140 6.258 74.02 23.79 1.157 96.73 
150 6.812 74.62 23.35 1.137 95.97 
160 6.545 74.84 20.61 1.196 96.88 
170 6.957 74.43 21.35 1.198 96.26 
0.8 
140      
150 6.495 74.76 20.78 1.166 95.90 
160 7.889 73.50 25.00 1.208 95.03 
170 8.959 73.83 23.72 1.374 94.66 
1.0 
140 11.04 73.45 24.73 1.167 93.34 
150 8.521 73.34 24.11 1.137 95.43 
160 7.876 73.61 25.00 1.126 94.95 
170 7.721 74.82 21.39 1.200 96.26 
1.2 
140 9.982 73.1 24.99 1.129 94.69 
150 11.08 74.22 24.05 1.009 96.03 
160 11.74 74.65 25.00 1.024 94.07 
170 9.733 74.65 25.00 1.212 95.85 
0.6 0.6 
140 10.56 74.89 22.53 1.075 94.21 
150 6.63 74.70 21.08 1.083 96.83 
160 8.04 74.98 20.08 1.094 92.94 
170      
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0.8 
140      
150 7.05 74.21 22.85 1.09 90.72 
160 2.08 70.84 24.97 1.068 93.52 
170      
1 
140 9.59 74.53 24.51 1.087 93.59 
150 8.30 74.88 20.63 1.025 94.57 
160 6.96 74.50 24.83 1.017 89.98 
170      
1.2 
140 9.66 74.55 21.97 1.054 93.21 
150 9.539 74.50 24.99 1.026 92.57 
160 9.144 74.96 20.26 1.097 92.41 
170      
 
Table 5-7 Summary of Malkin model parameter fitting result in Table 5-6 
Parameter 𝐴0 𝐸𝑎 𝐵0 n 𝑅
2 
Unit 105/𝑠 kJ/mol 105/𝑠 - % 
Average 8.02 74.28 22.86 1.12 94.28 
Variance 53.6% 1.0% 16% 0.6% 3.7% 
 
The summarised fitting result are presented in Table 5-7. Comparing the average values 
obtained from this work with literature values, the 𝐸𝑎, 𝐵0, and n value comply well with the 
values that given in Table 2-2. The large difference from literature value was found for the pre-
exponential factor 𝐴1, this behaviour is probably due to the difference between the catalyst 
system used in this project and those used in literatures, which is expected to have a different 
reaction rate. Compare the goodness of fitting of Malkin model with Kamal-Sourour model 
studied above, lower 𝑅2 is found which indicate a poorer fitting. This maybe attributable to the 
less adjustable parameters in Malkin model, which limit the accuracy of the parameter fitting 
result. 
 
From the analysis of variance of each parameter, it can be seen that parameters 𝐸𝑎, 𝐵0, and n 
have small variance across experiments. These parameters can thus be considered as constant 
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in Malkin model for C1-C20P system. Similar as Kamal-Sourour model fitting result, large 
variance exists in the pre-exponential factor 𝐴0 in Malkin model. As 𝐴0 shift the reaction rate 
across different stages, it is assumed that the processing conditions influence the reaction rate 
during polymerisation. The effect of processing conditions on the value of 𝐴0 is plotted in 
Figure5-8. 
 
 
Figure 5-8 Relationship between A value in Malkin model and (a): 𝐴0-activator concentration, (b): 𝐴0-
temperature, (c): 𝐴0-initiator concentration Data resource: A value identified fron Table 5-6 
 
Figure5-8 shows that the 𝐴0 value is linearly dependent on activator concentration, whereas 
shows complex changes with other processing conditions (initiator concentration, temperature). 
The change of 𝐴0 value on temperature is especially unexpected, because the Malkin model 
already considers the temperature effect on polymerisation rate by the term exp(-Ea/RT). The 
𝐴0 value should thus be independent on temperature changes. This is probably attributable to 
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the inaccuracy of the Malkin model in describing polymerisation of C1-C20P catalyst system 
or the inaccuracy in separating polymerisation curves from overall heat flow.  
 
In this project, the Malkin model have proved to be less accurate than Kamal-Sourour model in 
the modelling the polymerisation kinetics of C1-C20P catalyst system for two reasons. Firstly, 
the poor goodness of fitting compares to Kamal-Sourour model; secondly, the unpredictable 
changes in  𝐴0 value with processing temperature. This result is probably attributable to the 
small numbers of adjustable variables included in Malkin model, which make Malkin model 
uneasy to achieve a good fit. 
  
5.4 Crystallisation kinetics 
The Arvami model, the most widely used crystallisation kinetic model for semi-crystalline 
polymers, has proved to be effective in modelling isothermal crystallisation process for pure 
PA6[34, 35]. However, the simultaneous polymerisation and crystallisation during APCL have 
made the modelling of crystallisation difficult. Based on the Arvami model, Kim et al. proposed 
a polymerisation induced crystallisation kinetic model[7, 39]. This model considers that the 
crystallisation starts only when a portion of polymer is produced, which is expected to be able 
to output more reasonable modelling result.  
 
This section aims to validate the Kim model with the subtracted monomer conversion and 
crystallisation data from overall DSC heat flow. The isothermal crystallisation under different 
processing conditions were fitted to Kim model by MATLAB curve fitting App—cftool. The 
fitting parameters were restricted to literature value ranges[34, 35] to avoid unmeaningful 
fitting results. Figure5-9 shows a typical example of Kim model fitting. The fitting result under 
different processing conditions are presented in Table 5-8.  
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Figure 5-9 Kim model validation with experiment data. Initiator [C1]=1.2mol%, activator 
[C20P]=0.6mol%, temperature T=150℃ 
 
Table 5-8 Parameter fitting result of Kim model under different processing conditions. Data resource: 
reduced polymerisation and crystallisation data under different processing conditions.  Model: Kim 
model. Constrains: Ea-literature value ranges [34, 35], other-free parameter . 
Concentration 
Temperature 
Kim model fitting 
Init. Act. A 𝐸𝑎 𝑛𝑐 𝜃 𝑅
2 
Mol% Mol% ℃ 1032/𝑠 kJ/mol - - % 
1.2 
0.4 
140      
150 1.69 281.3 2.79 19.41 99.96 
160 1.64 282 2.688 14.82 99.85 
170 0.07043 281.5 3 9.98 99.97 
0.6 
140 1.63 282.0 2.831 14.87 99.90 
150 1.65 282 3.196 13.58 99.94 
160 1.62 282 3.099 10.76 99.87 
170 1.60 282 1.981 8.474 99.82 
0.8 
140      
150 1.65 277 3 10.93 99.88 
160 1.64 282 2.814 7.158 99.99 
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170 1.64 282 2.759 6.673 99.91 
1.0 
140 1.65 277 3.117 11.07 99.98 
150 1.67 277 3.960 9.806 99.98 
160 1.65 282 3.783 7.325 99.69 
170 1.66 282 2.761 6.909 99.87 
1.2 
140 1.67 277 3.69 9.43 99.99 
150 1.63 280.5 5.029 8.811 100 
160 1.65 282 5.577 8.321 99.99 
170 1.67 277 4.444 8.500 99.74 
0.6 
0.6 
140 1.60 277.8 2.135 19 99.55 
150 1.58 279.3 2.555 14.9 99.99 
160 1.57 279.7 3 10.43 99.99 
170      
0.8 
140      
150 1.58 277.0 2.239 9.151 99.86 
160 1.60 277.5 3 8.11 99.93 
170      
1 
140 1.60 277.0 3 15.82 98.42 
150 1.65 277.0 2.783 13.43 99.99 
160 1.59 280.5 3 9.502 100 
170      
1.2 
140 1.62 282 3.493 14.68 99.97 
150 1.63 282 4.052 10.7 100 
160 1.63 282 4.71 7.74 99.96 
170      
 
Table 5-9 Summary of Kim model parameter fitting result in Table 5-8 
Parameter A 𝐸𝑎 𝑛𝑐 𝜃 𝑅
2 
Unit 1032/𝑠 kJ/mol - min % 
Average 1.5769 280.0034 3.2581 11.0445 99.8617 
Variance 5.38% 1.79% 22.13% 112.27% 0.09% 
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The high coefficient of determination (>99.5%) given in Table 5-8 indicate that robust fitting 
between Kim model and all experiment data is achieved, whereas large variance of 𝜃 and 𝑛𝑐 is 
observed in the Table 5-9. 𝜃 represents the crystallisation induction time, which is the time 
difference between the start of polymerisation and crystallisation. The changes in processing 
condition, especially reaction temperature pose major difference on 𝜃 value due to the shift in 
reaction rate. The large variance in 𝜃 is thus acceptable in Kim model because of the physical 
meaning it provided, and it can be determined by calculating the ‘delay’ of crystallisation after 
the start of polymerisation through DSC trace interpretation. 
 
The values of 𝑛𝑐 identified form this work are unusually higher than 4, though it has been 
reported by a few literatures for the kinetic study of crystallisation for pure PA6[34, 61], it is 
much higher than the 𝑛𝑐 value (𝑛𝑐 = 0.4 − 2.1) identified by Kim et al [7] in the crystallisation 
study for APCL system. It may be worth to mention that the Avrami model (theoretical base 
for Kim model) is derived for rods, discs and spherulites, representing one, two, three-
dimensional forms of crystal growth. The values are 1 (sporadic) or 2 (predetermined) for rods, 
2 (sporadic) or 3 (predetermined) for disks, 3 (sporadic) or 4 (predetermined) for spheres [62]. 
In non-isothermal crystallisation study, 𝑛𝑐 > 4 may indicate increase in nucleation rate during 
crystallisation process. It may imply simultaneous growth mechanism of crystal and thus lead 
to variable density of the growing crystalline phase. Spherulite may impingement or insert to 
crystals that already exist, so that the growing mechanism of crystals complicated leading to 
values of  𝑛𝑐 > 4. However, the reason for 𝑛𝑐 > 4 in isothermal polymerisation induced 
crystallisation have not yet been reported in literatures, it is therefore worth to further 
investigate the physical meaning of this behaviour in Kim model through PA6 micro-structure 
characterisation. 
 
It can be concluded that Kim crystallisation model provides excellent simulation of 
polymerisation induced crystallisation behaviour, however the physical meaning of parameter 
𝑛𝑐 is yet to be determined. 
 
ENGG7281    
 
 
   Page 64 of 69  
 
5.5 Summary 
The DSC isothermal heat flow curves were separated into polymerisation and crystallisation 
heat flow to determine the parameters in reaction kinetic models. The major finding of reaction 
kinetic study from this work are as follows: 
 
Kamal-Sourour model 
• Kamal-Sourour model provide good fitting to experiment data through individual parameter 
fitting (𝑅2 > 97%) and overall parameter fitting (𝑅2 > 95%). 
• Successfully identified the six fitting parameters in Kamal-Sourour model, including five 
constants i.e. 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n (variance<0.8%); and one pre-exponential factor 𝐴2 which 
is linearly correlated to initiator and activator concentrations. 
• A Kamal-Sourour model for C1+C20P APCL system was proposed for the kinetic 
modelling of polymerisation in this system at certain concentrations. 
 
Malkin model 
• The goodness of fitting between Malkin model and experiment were poorer (𝑅2>90%) than 
Kamal-Sourour model. 
• The parameter identified from Malkin model failed to provide physical meaning to the 
model (unstable A value across temperature). 
• It is concluded that Malkin model failed to provide meaningful modelling of polymerisation 
reaction in APCL system where C1 and C20P are used. 
 
Kim model 
• Excellent fitting (𝑅2>99%) between Kim model and experiment data were achieved.  
• Unusually high values of 𝑛𝑐  (𝑛𝑐>4) were observed, which obfuscate the understanding of 
the dimension of crystal growth during APCL. 
• The crystallisation kinetic study presents the need for further investigation on crystal 
growing mechanism characterisation during APCL.  
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6 Conclusion 
Isothermal APCL was investigated on small scale through DSC investigation. The processing 
parameter effect and reaction kinetic study of APCL catalysed by C1 and C20P were discussed. 
The main conclusions drawn from this work are as follows: 
• By increasing polymerisation temperature from 140℃ to 170℃, the polymerisation halftime 
is significantly shortened by 150-200% which enables shorter production cycle, however, 
crystallinity reduced by half (from 58% to 33%) under the same condition. Monomer 
conversion did not show a steady trend with changing temperature, however reaches to 
maximum between 145-155℃ in most cases. The melting point of PA6 significantly 
decreased from 225℃ to 210℃. 
• The increase in initiator (0.6 to 1.2mol%) and activator (0.4-1.2mol%) concentration 
decrease polymerisation halftime by 3-5min, 7-13min respectively, whereas play a less 
important role in determining crystallinity in isothermal trails. The monomer conversion 
decreases by increasing initiator concentration whereas follow a reverse trend with 
increasing activator concentration. 
• The process monitoring and characterisation techniques use in this thesis provided useful 
pathway for the study of processing parameter effect on APCL, further investigation with a 
more comprehensive test matrix would be beneficial for the purpose of processing 
parameter optimization. 
• The Kamal-Sourour model provides meaningful, accurate modelling of polymerisation 
during APCL, the parameters identified from section 5.2.3 provide a useful tool to predict 
the polymerisation behaviour of C1-C20P system. 
• The Kim model, although presented excellent fitting to experiment data, failed to provide 
physical meaning due to the unusually large 𝑛𝑐 (represent crystal growth mechanism) value. 
This finding presents the need for further investigation on crystallisation during APCL 
through micro-structure level. 
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Appendix A: APCL process monitoring result 
Table 0-1 APCL process monitoring result, experiment carried out using test matrix 
Processing condition Properties of PA6 
Initiator 
cont. 
Activator 
cont. 
Reaction 
temperatu
re 
Test No. Melting 
point (℃) 
Crystallin
ity (%) 
Polymeris
ation 
halftime 
Monomer 
conversio
n 
0.6 0.6 140 1 224.98 44.58 12.36 97.65 
0.6 0.6 140 2 224.25 42.14 13.16 
0.6 0.6 140 3 222.77 45.23 15.84 
0.6 0.6 150 1 222.88 38.49 11.06 98.04 
0.6 0.6 150 2 223.69 37.02 10.81 
0.6 0.6 150 3 222.37 36.42 10.22 
0.6 0.6 160 1 219.42 34.76 6.54 97.26 
0.6 0.6 160 2 220.17 32.36 5.32 
0.6 0.6 160 3 219.57 33.75 5.89 
0.6 0.6 170 1 218.35 26.02 - 96.26 
0.8 0.6 140 1 222.64 36.54 15.92 97.05 
0.8 0.6 140 2 222.18 35.57 17.75 
0.8 0.6 140 3 223.08 36.80 13.25 
0.8 0.6 150 1 224.77 32.43 8.09 97.79 
0.8 0.6 150 2 223.07 35.19 6.48 
0.8 0.6 150 3 223.28 34.25 8.19 
0.8 0.6 160 1 221.15 29.69 5.36 96.98 
0.8 0.6 160 2 218.94 31.44 4.7 
0.8 0.6 160 3 218.76 32.72 5.06 
0.8 0.6 170 1 213.85 19.68 - 96.43 
 
 
0.8 0.6 170 2 215.81 25.21 - 
0.8 0.6 170 3 216.96 29.47 - 
1.0 0.6 140 1 222.60 39.61 9.79 97.24 
1.0 0.6 140 2 221.09 34.67 11.12 
1.0 0.6 150 1 222.63 29.06 3.82 97.66 
1.0 0.6 150 2 221.79 39.51 5.43 
1.0 0.6 150 3 222.27 28.78 4.51 
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1.0 0.6 160 1 219.13 31.36 1.58 96.83 
1.0 0.6 160 2 220.03 27.98 1.75 
1.0 0.6 160 3 220.96 32.47 4.45 
1.0 0.6 170 1 216.11 20.12 - 96.04 
1.0 0.6 170 2 215.25 22.25 - 
1.2 0.6 140 1 223.50 37.24 11.32 96.71 
1.2 0.6 140 2 221.97 33.91 11.85 
1.2 0.6 140 3 223.34 35.56 9.55 
1.2 0.6 150 1 222.18 30.09 5.06 97.23 
1.2 0.6 150 2 223.88 28.05 3.76 
1.2 0.6 150 3 224.68 27.91 3.48 
1.2 0.6 160 1 220.47 26.85 4.43 96.19 
1.2 0.6 160 2 216.52 27.17 4.37 
1.2 0.6 160 3 219.73 27.35 2.28 
1.2 0.6 170 1 216.81 23.25 - 95.88 
1.2 0.6 170 2 214.83 22.92 - 
1.2 0.4 140 1 218.17 50.82 18.99 96.37 
1.2 0.4 140 2 219.39 50.54 17.74 
1.2 0.4 150 1 219.72 47.42 14.78 96.94 
1.2 0.4 150 2 218.72 49.72 12.73 
1.2 0.4 160 1 213.54 40.86 11.52 96.60 
1.2 0.4 170 1 211.31 36.7 6.94 95.96 
1.2 0.6 140 1 218.92 56.42 15.17 96.84 
1.2 0.6 150 1 217.70 50.88 10.00 97.07 
1.2 0.6 150 2 219.90 49.42 9.77 
1.2 0.6 150 3 219.65 45.17 12.25 
1.2 0.6 160 1 214.84 41.5 7.63 96.73 
1.2 0.6 160 2 215.18 40.18 7.85 
1.2 0.6 160 3 215.40 41.39 7.64 
1.2 0.6 170 1 209.91 36.14 6.60 95.49 
1.2 0.6 170 2 209.77 36.9 6.03 
1.2 0.8 140 1 219.07 46.46 12.99 96.93 
1.2 0.8 140 2 219.70 45.72 15.87 
1.2 0.8 150 1 220.20 45.50 7.67 97.14 
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1.2 0.8 150 2 219.77 46.75 7.69  
 1.2 0.8 150 3 219.98 44.23 7.37 
1.2 0.8 160 1 222.03 30.32 6.31 96.88 
1.2 0.8 160 2 214.71 37.03 5.81 
1.2 0.8 160 3 216.33 38.12 6.20 
1.2 0.8 170 1 212.53 33.51 3.14 95.82 
1.2 1.0 140 1 222.61 48.41 8.26 97.18 
1.2 1.0 140 2 219.72 50.86 9.12 
1.2 1.0 150 1 219.87 41.51 5.93 97.23 
1.2 1.0 150 2 219.72 39.57 5.33 
1.2 1.0 150 3 219.92 41.36 9.98 
1.2 1.0 160 1 214.23 32.14 6.67 96.94 
1.2 1.0 160 2 217.08 33.07 5.53 
1.2 1.0 160 3 215.27 33.37 4.22 
1.2 1.0 170 1 211.51 30.02 3.99 96.03 
1.2 1.0 170 2 213.05 29.32 3.03 
1.2 1.2 140 1 218.75 46.10 7.95 97.21 
1.2 1.2 140 2 219.97 44.45 8.86 
1.2 1.2 150 1 217.95 38.68 8.43 97.29 
1.2 1.2 150 2 220.40 39.93 7.72 
1.2 1.2 160 1 216.50 31.88 1.82 97.13 
1.2 1.2 160 2 213.06 33.57 1.72 
1.2 1.2 170 1 210.43 30.48 4.02 96.42 
1.2 1.2 170 2 211.01 33.16 3.00 
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Appendix B: Potential publication from this project 
Isothermal Anionic Polymerisation of caprolactam: 
study of reaction kinetic models (drafting) 
Summary 
The thermal development of simultaneous polymerisation and crystallisation during anionic 
polymerisation of caprolactam (APCL) were recorded by Differential Scanning Calorimetry 
(DSC) under varied processing conditions. The polymerisation heat flows und were determined 
by subtracting crystallisation from overall heat flow for the validation of Malkin model and 
Kamal-Sourour model. All experiment data support the validity of Kamal-Sourour model in 
describing the kinetic development of polymerisation reaction using C1-C20P catalyst system. 
With the parameters identified from this work, Kamal-Sourour model accurately predict the 
polymerisation rate as a function of reactant concentration. On the contrast, Malkin 
polymerisation model failed to give meaningful modelling of the same process due to the 
unpredictable changes in parameter and poor fitting to experiment data. 
Introduction 
Fibre reinforced thermoplastic materials are offering high toughness, and better weldability and 
recyclability when compared to traditional fibre-reinforced thermoset materials[1]. However, 
due to the high melt viscosity of thermoplastics, traditional melt processing manufacturing 
methods are severely limited in the part size and fibre volume fractions that allow timely 
manufacture. In addition, it also makes impregnation of fibres difficult to and this is one of the 
main reasons why continuous fibre-reinforced thermoplastic composites are not yet widely 
implemented in industry. The reactive processing of thermoplastics offers a novel processing 
route through the in situ (in-mould) processing of thermoplastic monomers. Reactive 
processing enables economically attractive shorter cycle times, lower processing temperatures 
and pressures, and significantly reduced processing viscosities. However, the parts 
manufactured by reactive processing must be used without further purification, the reaction in 
mould must proceed to high monomer conversions and by-product free as any unconverted 
monomer (by-product) will remain in the final part and as a result decrease its mechanical 
properties. Due to these restrictions,  
For the purposes of commercial implementation of the reactive system, it is essential to 
understand the reaction kinetics of anionic ring-open polymerisation to make informed 
manufacturing decisions. However, one significant challenge facing with the kinetic study of 
anionic ring-open polymerisation reaction is the simultaneous polymerisation and 
crystallisation[5, 6, 63]. In addition, the effect of processing parameters (temperatures, 
pressures, catalysts) on the reaction kinetic has not yet been fully explored in literature.  
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In this work, polyamide-6 (PA6) is isothermally synthesised under different processing 
conditions through anionic ring-open polymerisation of caprolactam (APCL). The thermal 
revolution of polymerisation and crystallisation was recorded by Differential Scanning 
Calorimetry (DSC). We subtracted crystallisation by conducting a curve fitting on two 
assymetric Gaussian functions as done by Taki et al. The magnitude was set to that of the 
subsequent melting peak. The Malkin and Kamal-Sourour model were applied for the kinetic 
study of polymerisation, as explored by Malkin et al.[28] Teuwen et al.[6] Russo et al.[8]. 
 
Experiment section 
Materials and preparation  
This work uses Bruggemann’s  Brüggolen® C system, with C1 (caprolactam magnesium 
bromide, 1.4mol/kg in caprolactam), C20P (hexameththylene-1,6-dicarbamoylactam,2mol/kg 
in caprolactam) as initiator and activator respectively. All materials were vacuum sealed in 
aluminium bags to avoid the moisture and oxygen uptake from the environment, and used 
without further purification. 
The catalyst mixtures were grounded and then melted on a hotplate then mixed. The hotplate 
temperature was controlled at 75℃ to ensure all materials were evenly melted without 
undergoing polymerisation in beaker. DSC samples were prepared by pipetting small quantities 
of molten catalyst mixture (sample size: 10-30mg) into the TA-Analysis Tzero hermetically 
sealed pans. Sample preparation was conducted in dry nitrogen glovebox (𝑂2, 𝐻2𝑂 < 0.1ppm) 
due to the moisture and oxygen sensitivity of materials. 
Isothermal polymerisation 
TA-Analysis Q2000 Series Differential Scanning Calorimetry was used to record the thermal 
development during isothermal polymerisation and crystallisation. All samples were heated 
from 20 ºC at 40 ºC/min to their respective isothermal temperatures (140 ºC, 150 ºC, 160 ºC, 
170ºC) and held for 40 minutes, this step allows for the melting of the caprolactam and 
catalysts and ultimately the curing of the mixture. Subsequently the samples were then heated 
at 20 ºC/min to 280 ºC, cooled at 20 ºC/min to 20 ºC, and heated at 20 ºC/min to 280 ºC to 
allow for the characterization of melting, recrystallisation, and remelting of the resultant PA6 
respectively. 
Methodology 
The DSC isothermal curing heat flow under different processing conditions were separated into 
heat flows of polymerisation and crystallisation curves. The resultant polymerisation heat flows 
were converted to monomer conversion with respect to time by considering the cumulative 
integral under the curve. This was subsequently converted to a polymerisation rate diagram for 
the validation of polymerisation kinetic models, which including Malkin model and Kamal-
Sourour model. The parameter determination of each model were performed by MATLAB 
toolbox—curve fitting tool.  
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Separation of polymerisation and crystallisation heat flows 
Separation of overall heat flow allows for the modelling and characterization of polymerisation 
and crystallisation individually. In this work, the exothermic heat flowsof these two phenomena 
were assigned to be two asymmetrical Gaussian functions as conducted by Taki et al [5]. The 
peak area of crystallisation was constrained to be equal to that of the subsequent melting peak 
of PA6 crystals. Any crystallisation occurring at a low enough rate after the conclusion of the 
cure peak, including annealing of 𝛾 is not accounted for in this analysis. The fitting functions 
and parameters constraints are presented in Eq.1,2 and 3: 
𝑓 = 𝑓𝑝 + 𝑓𝑐 
𝑓𝑝 = {
𝑎𝑝 exp (−
(𝑡−𝑏𝑝)
2
2𝑐𝑝1
2 ) (𝑡 ≤ 𝑏𝑝)
𝑎𝑝 exp (−
(𝑡−𝑏1)
2
2𝑐𝑝2
2 ) (𝑡 > 𝑏𝑝)
                                       (Eq.1) 
𝑓𝑐 = {
𝑎𝑐 exp (−
(𝑡−𝑏𝑐)
2
2𝑐𝑐1
2 ) (𝑡 ≤ 𝑏𝑐)
𝑎𝑐 exp (−
(𝑡−𝑏𝑐)
2
2𝑐𝑐2
2 ) (𝑡 > 𝑏𝑐)
                                       (Eq.2) 
Where the subscripts ‘p’ and ‘c’ represent polymerisation and crystallisation respectively. 𝑎 
correspond to peak height and 𝑏 represents peak-onset time. 
 
∆𝐻𝑓 = ∫ 𝑓𝑐𝑑𝑡
𝑡2
𝑡
                                                    (Eq.3) 
Where ∆𝐻𝑓 is the measured heat of fusion of PA6 crystals in the subsequent melting following 
polymerisation.  𝑡1 and 𝑡2 are the time before and after the polymerisation/ crystallisation 
process. The peak separation was performed with non-linear solver in MATLAB.  
Figure 1 presents example peak separations of polymerisation and crystallisation in isothermal 
DSC cycles, the black dashed line ‘calculation’ is the sum of the separated polymerisation and 
crystallisation curves. A good fit between the original experimental curves and the reduced 
sums (‘calculation’) curves is observed. Any differences may be considered as departure of 
behaviour from the simplified asymmetrical Gaussian functions, or perhaps an additional 
phenomena or interaction between polymerisation and crystallisation. This may include errors 
in calculating the crystallisation (𝛾-phase, annealing) or significant interactions between the 
polymerisation and crystallisation processes. 
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Figure 1 Separation of polymerisation and crystallisation peaks from DSC trace at different 
isothermal temperature [C1]=1.2mol%, [C20P]=1.2mol%. 
Polymerisation kinetic models 
Several polymerisation kinetic models have been investigated in literature [27-29, 64]. The 
Malkin model (Eq.4), proposed by Malkin et al. [28] and Camargo et al. [27] has been the most 
commonly used auto-catalytic polymerisation equation for APA-6.  
𝑑𝜆
𝑑𝑡
= 𝐴0exp (−𝐸𝑎/𝑅𝑇)(1 − 𝜆)
𝑛(1 + 𝐵0𝜆)                                          (Eq.4) 
Where λ is monomer conversion, n is order of reaction, 𝐵0 is the pseudo constant, and 𝐴0, 𝐸𝑎, 
R, T is the pre-exponential factor, activation energy, universal gas constant, and temperature in 
Arrhenius constant respectively. 
Another widely accepted autocatalytic polymerisation model for the APA-6 system is the 
‘Kamal-Sourour model’ (Eq.5) which was initially used for the modelling of thermoset systems 
is also studied in this work. The application of this model on the modelling of APCL system 
was first proposed by Teuwen et al.[6], and later verified by Russo et al[8]. Both studies have 
demonstrated the validity of Kamal-Sourour model in describing the polymerisation kinetic of 
APCL system. 
𝑑𝜆
𝑑𝑡
= (𝑘1 + 𝑘2𝜆
𝑚)(1 − 𝜆)𝑛                                                      (Eq.4) 
Where 𝑚 and 𝑛 are kinetic parameters (order of reaction), and 𝑘1 and 𝑘2 are Arrhenius rate 
constants defined by (Eq.6). 
𝑘 = 𝐴𝑒𝑥𝑝(−
𝐸𝑎
𝑅𝑇
)                                                                 (Eq.5) 
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Result and discussion 
Kamal-Sourour model 
Individual parameter fitting 
The curve fitting reduced isothermal polymerisation under each set of processing conditions 
were fitted to the Kamal-Sourour model using MATLAB curve fitting App—cftool as 
discussed in the methodology. The value each parameter was restricted to literature value ranges 
[6, 8] to avoid inappropriate minima. It should be noted that the literature values were for other 
catalyst systems but should be of an appropriate order of magnitude nonetheless. The 
summarised individual parameter fitting results obtained from the different processing 
conditions in test matrix are presented in Table 2. 
Table 2 Summary of Kamal-Sourour model individual parameter fitting result. 
Overall Kamal-Sourour model fitting 
Parameter 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Unit 103/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
Average 2.5355 4.4380 61.9086 60.3714 0.9640 1.1855 97.84 
Variance 0.23% 71.88% 0.56% 0.19% 1.19% 0.86% 0.34% 
 
It can be seen from Table 2 that high coefficient of determination (>97%) were found for all 
experiments indicating a good model fit as is expected for a 6 parameter model. Comparing the 
average values of kinetic parameters with literature values, the 𝐸𝑎1, 𝐸𝑎2, m and n values comply 
well with the values [6, 8]. The 𝐴1 and 𝐴2 show a large difference from literature value, this 
maybe attributable to differences between the C1-C20P system and those used in literature, 
which can be reasonably expected to have a different initiation and propagation rate [6, 8]. 
From the analysis of variance of each parameter, it can be seen that other than parameter 𝐴2, 
the other parameters (𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n) have variance across all experiments less than 1.2%. 
These parameters can thus be considered as constants in the Kamal-Sourour model for C1-C20P 
system for the parameter range explored in this study. Contrarily, 𝐴2, which is the pre-
exponential factor in 𝑘2 of Kamal-Sourour model, has a large variance of ~72%. As 𝑘2 
dominates the reaction rate when reaction progressing, it is assumed that the differences in 
processing conditions shift the reaction rate after a portion of polymer is produced – i.e. the 
autocatalytic effect. ANOVA analysis is thus conducted to determine the statistical significance 
of each parameter on the 𝐴2 value. 
Table 3 ANOVA analysis of parameter 𝐴2 to processing conditions (initiator, activator 
concentration, and temperature) and their statistical significance. 
Factor information 
Factor levels values 
Initiator concentration 4 0.6, 0.8, 1.0, 1.2 
Activator concentration 5 0.4, 0.6, 0.8, 1.0, 1.2 
Temperature 4 140, 150, 160, 170 
Analysis of variance 
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Source DOF SS MS F 
Initiator concentration 3 1.378 0.4593 0.97 
Activator concentration 4 63.288 15.8220 33.25 
Temperature 3 1.242 0.4141 0.87 
Error 17 8.089 0.4758 
 
Total 27 86.108 
  
 
As shown in the ANOVA analysis in Table 2, the large F value (F statistic) is observed for 
activator concentration effect, which reject the hypothesis that 𝐴2 is independent on activator 
concentration whining this analysis. In other word, ANOVA analysis result shows that 𝐴2 is 
dependent on activator concentration. This is a useful confirmation of the model, as the 
temperature variance should be accounted for by the exp (−𝐸𝑎/𝑅𝑇) term where possible. 
However, this model does not take into account the effect of catalyst concentration on the 
model. 
It would be beneficial to find the different 𝐴2 value in Kamal-Sourour’s model for respective 
reactant concentration valid for the kinetic modelling of polymerisation. According to the 
relationship between 𝐴2 and processing conditions seen in figure 2, it is hypothesised that a 
similar 𝐴2 value and correlation with concentration should be observed for other catalyst 
systems as the reaction propagation at this point should be dependent on the number of active 
groups and not the identity of the catalyst in particular. 
Parameter fitting across temperature 
The overall parameter fitting is performed to find the relationship between the 𝐴2 value in 
Kamal-Sourour model and reactant concentration across the investigated temperatures. This is 
achieved by fitting the data groups into Kamal-Sourour model by non-linear regression. Each 
data group includes the data of the polymerisation reaction under the same reactant 
concentration at different temperatures (from 140-180℃). The values of 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m and n 
were fixed into the ranges identified from the individual parameter fitting results, whereas no 
bound was set for 𝐴2 value. The regression output the optimized value of each parameter with 
maximized 𝑅2 between original data set and modelling result.  
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Figure 3 Example of overall parameter fitting to Kamal-Sourour model using datasets which 
[C1]=1.2mol%, [C20]=1.2mol% T=130,140,150,160,170℃ 
Figure 3 is an example of the overall parameter fitting for the isothermal polymerisation using 
C1-C20P system with initiator and activator concentration at 1.2mol% and 1.2mol% 
respectively. It can be seen from the graph that the model overestimated the reaction rate at 
130℃ and 170℃, whereas achieved a good fitting result at 140℃, 150℃, and 160℃. This is 
perhaps indicative of inaccuracies in the fitting of  𝐸𝑎1, 𝐸𝑎2, or the temperature limited of the 
model, i.e. changes in mechanism of polymerisation. It is interesting that both 130 ºC and 170 
ºC underestimated the reaction rate, this is perhaps indicative that neither Ea1 or Ea2 values are 
inaccurate but their relative magnitudes are erroneous. 
The fitting results for all data groups are shown in Table 3. More stable results were obtained 
for parameters 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n, with variance smaller than 0.7%. However, the goodness of 
fit was found to be less than the individual parameter fitting with coefficient of determination 
at 95.83%. This is because of the parameters identified from the overall model encompass 
sources of variation which are unaccounted for in the model, i.e. batch-to-batch differences, 
model scaling imperfections.  
Table 4 Overall parameter fitting result of Kamal-Sourour model under different reactant 
concentrations. 
Concentration Kamal-Sourour model fitting 
Init. Act. 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Mol% Mol% 103/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
0.6 0.6 2.45 3.037 62.29 60.09 1.01 1.182 95.18 
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0.8 2.43 3.817 62.68 60.06 1.05 1.22 97.87 
1.0 2.45 4.108 62.274 60.164 1.04 1.184 95.39 
1.2 2.38 4.003 63.905 60.164 1.00 1.147 94.55 
1.2 0.4 2.49 2.920 63.023 60.389 1.107 1.335 95.51 
0.6 2.41 3.520 63.091 60.879 1 1.256 96.79 
0.8 2.48 4.603 63.981 59.409 1 1.378 95.07 
1.0 2.47 5.003 63.932 59.49 1 1.237 97.53 
1.2 2.49 5.759 63.011 60.02 1 1.220 94.61 
 
Table 4 Summary of Kamal-Sourour model overall parameter fitting result from Table 3. 
Kamal-Sourour model fitting 
Parameter 𝐴1 𝐴2 𝐸𝑎1 𝐸𝑎2 m n 𝑅
2 
Unit 104/𝑠 105/𝑠 kJ/mol kJ/mol - - % 
Average 2.4500 4.0856 63.1319 60.0739 1.0230 1.2399 95.8333 
Variance 0.06% 20.70% 0.72% 0.32% 0.13% 0.45% 1.6169% 
 
 
 
Figure 10 Relationship between 𝐴2 value and (a): initiator concentration, (b): activator 
concentration, Data resource:overall parameter fitting result in Table3  
The 𝐴2 value is plotted against initiator and activator concentration respectively to verify the 
hypothesis on the relationship between 𝐴2 and processing conditions. As shown in Fig.5(a), the 
𝐴2 values show a relatively poor linear relationship (𝑅
2 = 0.58) to initiator concentration. This 
may be attributable to batch-to-batch differences during sample preparation. In Fig.5 (b), a 
strong linear relationship between activator concentration and 𝐴2 value is observed (𝑅
2 =
0.98). This finding provides a trackable 𝐴2 value for parameter determination in Kamal-
Sourour model. 
Unlike the changes in 𝐴2 with reactant concentration, another pre-exponential factor 𝐴1 in 
Kamal-Sourour model, has found to be independent of the processing parameters explored in 
this study. While the constant values of 𝐴1 under different processing temperatures are 
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expected, what is of interest is the relationship between 𝐴1 and reactant concentrations. As 𝐴1 
dominates the initial reaction rate (at low values for conversion (𝜆)), this finding suggests that 
the increase in reactant concentration does not give rise to the initial polymerisation rate.  
Kamal-Sourour polymerisation kinetic model valid for C1-C20P catalyst system 
The Kamal-Sourour model validation has identified: 
• Robust fitting (𝑅2 > 95%) was achieved in fitting Kamal-Sourour model to experiment 
data through each parameter fitting method (individual and overall parameter fitting).  
• Low variance of 𝐴1, 𝐸𝑎1, 𝐸𝑎2, m, n in parameter fitting, which suggests that these are 
constants in Kamal-Sourour model for the investigated experimental variables. 
• Linear relationship between 𝐴2 value and initiator (low confidence) and activator (high 
confidence) concentration, which provide physical meaning to Kamal-Sourour model, 
i.e. in Kamal-Sourour model, the increase in initiator and activator concentration give 
rise to the reaction propagation rate by increasing 𝐴2 value, whereas the reactant 
concentration effects have not been considered in Kamal Sourour model. 
 
Therefore, the polymerisation kinetics of APCL using C1-C20P commercial catalyst system 
can be described by means of Eq.7.  
𝑑𝜆
𝑑𝑡
= (2.45 ∗ 103 ∗ exp (−
63132
𝑅𝑇
) + 𝐴2 exp (−
60074
𝑅𝑇
) 𝜆1.02)(1 − 𝜆)1.23      (Eq.7) 
With  
𝐴2 ∗ 10
−5 = 3.58 ∗ [𝐶20𝑃] + 1.50 
It is worth to be noted that the linear relationship between 𝐴2 and [𝐶20𝑃]  is only valid for 
initiator concentration at [C1] =1.2mol%, and [C20P]=0.4~1.2mol%. 
Malkin model 
Similar as the parameter fitting for Kamal-Sourour model, the same sets of data were fitted to 
Malkin model using MATLAB curve fitting App-cftool. The value of 𝐴0, 𝐸𝑎, 𝐵0, and n were 
restricted to literature value ranges [6, 8] to avoid local minima. The parameter fitting results 
obtained from different processing conditions are presented in Table 6. 
Table 5 Summarise of Malkin model parameter fitting result. 
Parameter 𝐴0 𝐸𝑎 𝐵0 n 𝑅
2 
Unit 105/𝑠 kJ/mol 105/𝑠 - % 
Average 8.02 74.28 22.86 1.12 94.28 
Variance 53.6% 1.0% 16% 0.6% 3.7% 
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